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Abstract
Over the last decades organic light-emitting diodes (OLEDs) and organic solar cells
(OSCs) have gained considerable attention as efficient, flexible, lightweight, and po-
tentially low-cost technology for lighting and display applications or as a renewable
energy source, respectively. However, achieving long-term stability remains chal-
lenging. Revealing and understanding aging processes is therefore of great interest.
This work presents fundamental investigations to understand and circumvent or-
ganic device degradation.
In the first part, single materials used in organic devices were investigated. By tai-
loring an attenuated total reflection infrared (ATR-IR) spectrometer to the specific
needs and subsequent measurements, it is shown that the tris(8-hydroxyquinoli-
ne)aluminum (Alq3) molecule, a well known fluorescent green emitter, degrades
during air exposure by the formation of carbonyl groups. By using a laser desorp-
tion/ionization time of flight mass spectrometer (LDI-TOF-MS) it was shown that
a,w-bis-(dicyanovinylen)-sexithiophen (DCV6T-Bu4), a well known small-molecule
material which is used as part of the active layer, reacts with oxygen during ultra-
violet (UV) irradiation.
By using climate boxes and a sun simulator the impact of dry and humid air as
well as sunlight on C60, a widely-used acceptor molecule in organic solar cells, was
investigated. The breaking of the C60 cage to C58 and C56 and the further reaction of
these components with oxygen as well as the dimerization of C58 and C56 molecules
were found. The degradation products such as C58O increase with air exposure time
but they are independent of the humidity level of the ambient air as well as sunlight
irradiation. Subsequent annealing leads to a decrease of the C58O concentration.
Many efficient n-dopants are prone to degradation in air, due to the low ion-
ization potentials, thereby limiting the processing conditions. It was found that
the air exposure of the highly efficient n-dopant tetrakis(1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidinato)ditungsten(II) (W2(hpp)4) leads to oxidation reactions
of the molecule to [W(hpp)2+ O] and other degradation products. The decay con-
stant of W2(hpp)4 and the matching mean growth time of the [W(hpp)2 + O]
degradation as well as a second very quick degradation of the dopant could be
determined. The two decay constants can be explained by the assumption that
W2(hpp)4 molecules, which are involved in the charge transfer, do degrade slower
due to the fact that the charge transfer leads to a downshift of the energy levels of
the W2(hpp)4 molecule.
Apart from the properties of the organic materials, other effects such as the impact
of different purification systems on the material purity as well as the dependence
of material purity on the OLED lifetime has been investigated. No correlations
between the purification grade and the amount of impurities were found. OLEDs
which contain N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine (α-NPD) purified
in a vertically interlaced stainless steel sublimation systems shows slightly higher
external quantum efficiencies compared to tube-based vacuum sublimation systems.
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The devices which contain α-NPD purified by a sublimation system have an extended
lifetime.
Finally, the impact of residual gases during device fabrication on OLED lifetime
and electrical characteristics was investigated. It was found that water vapor in-
troduces an additional series resistance to the OLED, while the other gases do not
influence the electric characteristics. The presence of nitrogen or oxygen impacts
the lifetime of the OLEDs by the same amount. Nitrogen is non-reactive, this leads
to the conclusion that the influence of nitrogen and oxygen on the OLED lifetime
is of non-chemical nature, such as changes in the morphology of the organic layers.
Water vapor introduces an additional, even faster degradation process within the
first hours of OLED operation. As major sources of device degradation, the dimer-
ization of 4,7-diphenyl-1,10-phenanthroline (BPhen) as well as the complexation
reaction of α-NPD with a bis(1-phenylisoquinoline)iridium(III) (Ir(piq)2) fragment
was identified.
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Kurzfassung
Aufgrund der hohen Effizienz sowie der Mo¨glichkeit, gu¨nstig und in einer leichten
Bauweise produziert zu werden, haben organische Leuchtdioden (OLEDs) und or-
ganische Solarzellen (OSCs) in den letzten Jahrzenten stark an Bekanntheit gewon-
nen. Trotzdem bleibt das Erreichen einer fu¨r Kunden und Industriestandards zufrie-
denstellenden Lebensdauer eine große Herausforderung. Im Rahmen dieser Arbeit
wurden Untersuchungen zum Versta¨ndnis und zur Minderung von Alterungsprozes-
sen durchgefu¨hrt.
Zuna¨chst wurden einzelne Materialien, die in organischen Bauelementen verwen-
det werden, untersucht. Es konnte anhand von Fourier-Transform-Infrarot (FTIR)
spektroskopischer Messungen herausgefunden werden, dass das Tris(8-hydroxyquinoli-
ne)aluminium (Alq3) Moleku¨l, ein gru¨nes Emittermaterial, wa¨hrend es der Luft aus-
gesetzt wird, Carbonylgruppen bildet und somit degradiert. Mit Hilfe eines Laser-
Desorption/Ionisation-Flugzeitmassenspektrometers (LDI-TOF-MS) konnte gezeigt
werden, dass a,w-Bis-(dicyanovinylen)-sexithiophen (DCV6T-Bu4), ein Donormole-
ku¨l in organischen Solarzellen, unter UV Bestrahlung mit Sauerstoff reagiert.
Anhand von Klimaboxen sowie eines Sonnensimulators ist es mo¨glich, die Ein-
flussfaktoren von Sauerstoff, Wasser sowie Licht auf Alterungsprozesse separat zu
betrachten. C60, ein bekanntes Akzeptormoleku¨l, wurde trockener und feuchter Luft
sowie Licht ausgesetzt. Das Aufbrechen des C60 Fullerens zu C58 und C56, die weitere
Reaktion mit Sauerstoff, sowie die Dimerisation von C58 und C56 konnte festgestellt
werden. Die Degradationsprodukte wie C58O nehmen mit dem Alterungsprozess
zu, sind aber unabha¨ngig von der Luftfeuchtigkeit und der Lichteinstrahlung. Das
Ausheizen der Proben fu¨hrt zu einer Verringerung der C85O Konzentration.
Viele n-Dotanten unterliegen Alterungsprozessen, da diese geringe Ionisationspo-
tentiale aufweisen. Es wurde herausgefunden, dass der n-Dotant Tetrakis(1,3,4,6,7,8-
hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten(II) W2(hpp)4 durch Exposi-
tion an der Luft zu [W(hpp)2+ O] und anderen Fragmenten degradiert. Die Zer-
fallskonstante des W2(hpp)4 Moleku¨ls stimmt mit der mittleren Steigungsrate des
Degradationsprodukts u¨berein. Zudem wurde eine weitere schnelle Degradation des
Dotanten gefunden. Dies la¨sst sich dadurch erkla¨ren dass die W2(hpp)4 Moleku¨le,
die einen Ladungstransfer durchfu¨hren, langsamer degradieren aufgrund der Tat-
sache, dass der Ladungstransfer zu einer Verschiebung der Energielevels nach unten
und somit einer Passivierung fu¨hrt.
Neben den Materialeigenschaften wurden auch andere Effekte wie der Einfluss un-
terschiedlicher Materialreinigungssysteme auf die OLED Charakteristika und Lebens-
dauer untersucht. Es konnte kein Zusammenhang zwischen Reinigungsgrad und
Intensita¨t der Verunreinigung festgestellt werden. OLEDs, dessen Lochleiter N,N’-
Di(naphthalen-1-yl)-N,N’-diphenyl-benzidine (α-NPD) in einem kommerziellen Vac-
uumsublimationssystemen aufgereinigt wurden, zeigen leicht verbesserte Quanten-
effizienzen. Die Lebensdauer der OLEDs erho¨ht sich, wenn aufgereinigtes α-NPD
verwendet wird.
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Zuletzt wurde der Einfluss von Gasen wa¨hrend der OLED Produktion auf dessen
Lebensdauer und elektrischen Eigenschaften untersucht. Es wurde festgestellt, dass
ein erho¨hter Wassergehalt zur Bildung eines zusa¨tzlichen Wiederstandes fu¨hrt. An-
dere Gase hingegen haben keinen Einfluss auf die elektrischen Eigenschaften. Sauer-
stoff und Stickstoff zeigen den gleichen Einfluss auf die Lebensdauer von OLEDs.
Da Stickstoff nicht reaktiv ist, legt dies den Schluss nahe, dass es sich um nicht
chemische Alterungsprozesse, wie A¨nderungen in der Morphologie der organischen
Schichten handelt. Wasser fu¨hrt zu einer zusa¨tzlich starken Degradation wa¨hrend
den ersten Stunden der OLED Alterung. Als Hauptalterungsprozess konnte die
Dimerisation von 4,7-Diphenyl-1,10-phenanthroline (Bphen) sowie die Komplexa-
tionsreaktion von α-NPD mit dem Bis(1-phenylisoquinoline)iridium(III) (Ir(piq)2)
Fragment ausgemacht werden.
Part I
Introduction

Chapter
1
Organic Light-Emitting Devices
1.1 Light and Perception
Light can be described as radiant energy which is responsible for the impression
of sight in the human eye. It is referred to as electromagnetic radiation. The
electromagnetic radiation can be described as an oscillating electric and magnetic
field. The electric and magnetic fields are in phase and their axis are perpendicular
to each other. The emission of light takes place in quantified packages with the
energy of E = h · ν = h · c
λ
, where ν is the frequency, c = 299, 792 km
s
the speed
of light, λ the wavelength and h = 6.626·10−34 Js the Planck constant. Visible
light has a wavelength range of 380 to 780 nm which corresponds to 1.59 to 3.26 eV.
Besides the visible range, electromagnetic radiation covers a broad energy spectrum.
Cosmic gamma-rays show energies up to several trillion electron volts. X-rays are
less energetic with energies in the range of 100 keV to 100 eV. They can be observed
in case of high velocity electrons colliding with a metal target and thereby emitting
Bremsstrahlung. The X-rays are flowed by Ultraviolet radiation ranging from 3.26
to 100 eV. Adjacent to the visible light regime infrared radiation is found with
energies between 0.004 to 1.59 eV. At the low frequency end of the electromagnetic
spectrum with wavelength longer than infrared light one finds micro and radio waves.
An overview of the electromagnetic spectrum is depicted in Fig. 1.1.
Visible light is a specific form of radiative energy. It is important to stress that
electromagnetic radiation itself is independent from the perception of human be-
ings, though color and the perception of color depends on human cognition. To
successfully introduce the OLED technology in the lighting and illumination mar-
ket, a good understanding of color perception and color properties of OLEDs is
crucial. Therefore, this section elaborates on the human perception of color and
light as well as some methods of colorimetry. Specificity the color matching func-
tions and chromaticity coordinates introduced by the Commission Internationale de
l’Eclairage (CIE) from 1931 which are still widely used will be discussed. The ba-
sis for colorimetry was laid by the CIE by conducting multiple visual experiments.
The CIE system of colorimetry is one of the only internationally agreed metrics for
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Figure 1.1: Overview of the electromagnetic spectrum. Enlarged the visible part of the
electromagnetic spectrum is depicted. The visible light covers only a small part of the
spectrum (reprinted from [1]).
color measurement even though some limitations are well recognized. All official
color-related international standards and specifications use the CIE system.
The term color is used with different meanings. It can refer to a property of a
light source as well as a property of a surface of an object under a given illumination.
The perception of color is a psychophysical phenomenon. The measurement of color
must be defined in such a way that the results correlate with the visual sensation
of color to a normal human observer. The science used to quantify and describe
physically the human color perception is called colorimetry.
In order to characterize luminaries, radiometric and photometric quantities are
used. Radiometry deals with the measurement of the energy of radiation while
photometry deals with the measurement of light, in terms of its perceived brightness
to the human eye. The radiant flux Φe also called radiant power is the radiant energy
per unit time. The unit is watt [W]. Radiometric quantities are denoted with the
index e for energetic. The radiant intensity Ie is defined as radiant flux per solid
angle.
1.1.1 The Human Eye and Light Perception
The human eye is depicted in Fig. 1.2. The eye is a sense organ, which focuses
light via the cornea and the lens onto a light sensitive membrane called retina. The
interior chamber of the eyeball is filled with a jelly-like tissue named the vitreous
humour. The innermost layer of the human eye is the retina, one of three tissue
layers. The retina is supplied with nutrients and oxygen via a network of blood
vessels located in the underlying layer the choroid. The retina contains two different
types of light receptors, namely about 6 million cones and about 100 million rods.
The cones are responsible for color vision. They can be subdivided in three different
types, usually named β, γ and ρ. These types differ in their sensitivity maxima
which are at 440 nm in the blue range, at 540 nm in the green, and at 590 nm in the
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orange-red range. Due to the fact that light with a specific wavelength stimulates
a unique intensity ratio between the three types of cones, it is possible to form a
basis for color distinction. As counterpart, the rods are only used for gathering
information about light intensity. They are very sensitive and have a sensitivity
maximum at 510 nm. The rods are therefore important for the vision under low
light conditions, which is in most of the cases less than 100 cd
m2
.
Figure 1.2: Sketch of the cross-section of the human eye. Light waves enter the eye through
the cornea and thereby get bent to a certain degree. The light progresses through the pupil,
passes the lens and gets focused onto the retina (adapted from [2]).
Cones and rods are not evenly distributed over the retina. The density of cones
is very high in a small region named fovea, which is located approximately 1.5 ◦
off the eyes optical axis. No rods are present at the fovea. While the density of
cones is strongly decreasing with increasing distance to the fovea, the amount of
rods increases. This leads to the fact that the color perception is concentrated to
the center of the field of vision. Fast movements on the other hand can be spotted
quite well at the edges of the visual perception.
In addition the tree types of cones are not present in equal amounts. With only
2 %, the β cones are strongly underrepresented to the ρ and γ with 65 % and 33 %,
respectively. This circumstance can be directly explained by the fact that due to
chromatic aberration of the lens not all colors can be focused onto one plane. Since
the sensitivity maxima of the ρ and γ cones are quite close together, it is possible to
produce a sharp image for both cone types. The focal plane of blue colored objects
will be located in front of the retina leading to a slightly blurred image. Due to this
lower resolution a lower density and therefore a lower amount of blue sensitive β
cones is sufficient. The perception of blue light though is still equally sensitive as
the perception of green or red light. This is on the one hand due to the fact that
one β cone is more sensitive than the other cone types and on the other hand due
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to a boosting mechanism during signal processing, which is not totally understood
until now.
1.1.2 The CIE System of Colorimetry
In the early 1930s, Wright [3, 4] and Guild [5] made independent experiments in
order to derive color matching functions using three primary colors R, G, B. It was
known by Young et al. that each of the three types of cones have a unique spectral
sensitivity corresponding to R, G, B [6]. For their experiments, Wright and Guild
used the effect called metamerism which states that two light stimuli with a different
spectrum when chosen right could produce the same color impression. In addition,
it was known that a color could be matched by a combination of three primaries.
These two effects were used to specify color.
Wright used a set of primary colors at 435.8 nm, 546.1 nm, and 700 nm. During
his experiment, a 2 ◦ circular split field was shown to the observer. The task of the
observers was to set the intensity of three primary colors such that their mixture
visually matched the other visible spectrum presented, which was a monochromatic
stimulus. Now it is possible to plot the relative intensities of the three primary colors
which match the monochromatic stimulus over the wavelength of the monochromatic
stimulus. The result is shown in Fig. 1.3(a).
(a) (b)
Figure 1.3: (a) Plot of the CIE 1931 RGB color matching functions. The primary colors
used are 435.8 nm, 546.1 nm, and 700 nm (adapted from [2]). (b) Plot of the CIE 1931
XYZ color matching functions, which are derived from the RGB color matching func-
tions (adapted from [2]).
The negative values of the red primary color mean that red as a primary color has
to be added to the monochromatic stimulus to gain a match. These graphs led to the
CIE standardized RGB color matching functions r¯(λ), g¯(λ), b¯(λ). In order to avoid
the negative values, a simple linear transformation was applied to the RGB color
matching functions to gain a new set of XYZ primaries, which contain only positive
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values. They are called the CIE 1931 XYZ color matching functions and are shown
in Fig. 1.3(b). Two important points need to be stressed concerning this system.
First, one needs to assume the additivity of light stimuli for the system in order to
be valid. Second, the system strictly only applies to the narrow field of view of 2 ◦.
To be able to cope with a greater field, the CIE defined an additional set of color
matching functions for a field of view of 10 ◦ called the CIE 1964 supplementary
standard.
Figure 1.4: CIE 1931 color space chromaticity diagram. The curved path of the
monochrome colors in the visible region form a ”horseshoe” like shape. The area which
is spanned by this path contains all colors which can be generated by additive mix-
ing (reprinted from [7]).
For an arbitrary emission spectrum Φ(λ) on can derive the colorimetric impression
for a CIE 1931 XYZ standard observer using Eq. 1.1, while k is a normalization
constant. X, Y, and Z are the tristimulus values and x(λ), y(λ), z(λ) are the CIE
1931 XYZ color matching functions.
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X = k ·
∫
λ
Φ(λ) · x(λ)dλ
Y = k ·
∫
λ
Φ(λ) · y(λ)dλ
Z = k ·
∫
λ
Φ(λ) · z(λ)dλ
(1.1)
In order to visualize the chromaticity of an emission spectrum, one needs to plot
the corresponding to X,Y,Z values. To simplify this process one can project these
values onto the unit plane (X+Y+Z=1) and can thereby express the chromaticity
on a 2D plane. This plane is known as a chromaticity diagram. The chromaticity
coordinates (x,y) can be derived by:
x =
X
X + Y + Z
; y =
Y
X + Y + Z
. (1.2)
In Fig. 1.4, a CIE 1931 chromaticity diagram is shown. Chromaticity values of
light sources such as OLEDs can be plotted into the chromaticity diagram. The
monochrome colors form a curved path which spans from the red with a wavelength
of approximately 780 nm to violet with a wavelength of approximately 380 nm. To
any possible color which is generated by additive mixing a coordinate in the CIE
chromaticity diagram can be assigned.
1.2 Semiconducting Molecular Materials 13
1.2 Semiconducting Molecular Materials
1.2.1 Bonds, Molecular Orbitals and Energy Levels
Applying quantum mechanics and obtaining the energy levels of organic molecules
is crucial in order to understand the optical properties of organic molecules [8]. The
molecular emission and absorption characteristics are based on the energy levels of
the molecule, which will be discussed in the following subsection. It is possible to
focus on an individual molecule within the material, because the interaction between
organic molecules like van der Waals forces are relatively weak.
In order to calculate molecular orbitals and energy levels of organic molecules,
the Schro¨dinger equation, which plays a key role, is given by:
HˆΨn = EnΨn. (1.3)
Where Hˆ is the Hamilton operator, Ψn the molecular wave function, En the
corresponding energy levels and n the quantum number of the eigenstate. The
Hamiltonian is an operator consisting of a kinetic and a potential part. For molecules
the Hamiltonian can be written as:
Hˆ = Tˆn + Tˆe + Uˆee + Uˆen + Uˆnn, (1.4)
where the operators refer to:
 Tn is the kinetic energy operator for each nucleus in the system
 Te is the kinetic energy operator for each electron in the system
 Unn is the potential energy originating from Coulomb nuclei-nuclei repulsions
 Uen is the potential energy between the nuclei and the electrons
 Uee is the potential energy arising from electron-electron repulsions
In case of a molecule which consists of electrons and nuclei the Hamiltonian
contains five operators, taking into account electron-electron, electron-nucleus and
nucleus-nucleus interactions.
The Schro¨dinger equation for a molecule is a many-body problem and therefore no
analytic solution can be found. There are multiple ways to find wave functions which
solve Eq. 1.3. One possibility is to use the linear combination of atomic orbitals
(LCAO) method. In this case a linear combination of atomic orbitals is used to
solve the Schro¨dinger equation. The atomic orbitals are themselves solution of the
Schro¨dinger equation for a single atom. By choosing the correct values and algebraic
signs for the variables within the linear combination, binding and non-binding states
can be found [9].
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Another way to solve the Schro¨dinger equation for a molecule is to use the Born-
Oppenheimer approximation. In this approximation it is assumed that the electron
movement and the movement of the nuclei can be separated. This assumption is
reasonable due to the fact that the nuclei are three orders of magnitude heavier than
an electron. Because of the same strength of the coulomb forces interacting with
the electrons and nuclei, but differences in the inertia, the motion of nuclei happens
on a different time scale than the motion of the electrons. The wave function of the
molecule is a product of the electron wave function and the wave function of the
nuclei. By varying the positions of the nuclei and calculating the referring energy
eigenvalues, it is possible to gain a potential map and derive bond lengths and
energy levels. The wave function of the nuclei can in turn be written as a product
of a vibrational and a rotational part. Combing all steps together one gains:
Ψtotaln = Ψ
el
nΨ
vib
n Ψ
rot
n χs, (1.5)
with the corresponding energy levels:
Etotaln = E
el
n + E
vib
n + E
rot
n . (1.6)
Ψeln and E
el
n is the electron wave function and its corresponding energy eigenvalue.
Ψvibn and E
vib
n is the vibronic and Ψ
rot
n and E
rot
n the rotational wave function and
energy eigenvalue. χs is a spinor which takes the electrons spin into account.
1.2.2 Optical Properties of Organic Molecules
Eq. 1.6 can be used to understand the optical properties of organic molecules. The
rotational energy levels Erotn are compared to E
el
n and E
rot
n quite small and transitions
which include changes in rotational energy only occur in the gas phase. Therefore,
Erotn is often neglected. During the transition between different energy levels light
can be emitted or adsorbed. The wavelength of the emitted light can be calculated
by:
hν = ∆E = Ea − Eb. (1.7)
In Fig. 1.5(a) some possible transitions between different vibrational states as well
as electronic transitions are shown. Pure rotational transitions are found in the mi-
crowave regime and vibration-rotation transitions in the infrared region. Electronic
transitions lead to emission of UV, visible or infrared light.
Also light adoption processes can be described by the energy levels of Eq. 1.6.
Absorption and emission spectra as well as the corresponding Jablonski diagram
are shown in Fig. 1.6. One finds that the absorption spectrum looks mirror-inverted
to the emission spectrum. As depicted in Fig. 1.6 absorption processes lead to the
excitation of an electron from the S0 ground state to an excited state S1 and its
vibrational states. The emission happens from the relaxed S1 state to the S0 state
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(a)
(b)
Figure 1.5: (a) Sketch of possible transitions in an organic molecule. Vibration-rotation
and electronic transitions are depicted (reprinted from [10]). (b) Graphical illustration of
the singlet and triplet energy level as well as the corresponding radiative and non-radiative
decays (reprinted from [9]).
and its vibrational states. Due to the fact that the vibrational states of the S0 state
are energetically higher that the relaxed S0 state, the energy of the emitted light is
lower than the energy of the light which is necessary to get adsorbed, leading to the
mirror-inverted shape of the emission spectrum. In Fig. 1.6 a small shift between the
emission and absorption line corresponding to the relaxed S0 and relaxed S1 state
can be seen. This phenomenon is called Stokes shift and can be explained by the
fact that the molecule is not in an equilibrium state instantly after the absorption
of a photon. This leads to changes in the energy level of S0 and S1 state.
Electrons contain a spin. In the ground state of a molecule the spins of the
electrons are paired, due to the Pauli exclusion principle which states that two
fermions cannot occupy the same quantum state at the same time. Therefore, every
ground state of a molecule is a singlet state. If an electron of a molecule gets
electrically excited, two states can form. In an excited singlet state the excited
electron is paired with an electron from ground state meaning they have opposite
spins. In the excited tripled state the excited electron shows the same spin than
the unpaired electron in the ground state. The first exited singlet and triplet state
S1 and T1 are depicted in Fig. 1.5(b). The S1→S0 transition is called fluorescence
the T1→ S0 phosphorescence. The transition from the T1 to the S0 state is spin
forbidden. Despite this fact this transition can be observed in nature and occurs
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in phosphorescent OLEDs as well. In order to understand this fact one has to look
at the probability of an emissive transition between two energy levels of the type
of Eq. 1.6. The transition probability depends on the matrix dipole moment Mnm.
The matrix dipole moment is derived by:
Mnm =
〈
Ψtotal∗n
∣∣∣Mˆ ∣∣∣Ψtotalm 〉 , (1.8)
where Mˆ is the is the dipole operator. In order to calculate the matrix element
one takes the following ansatz for the wave function Ψtotaln . It is given by Ψ
total
n =
ΨelnΨ
vib
n Ψ
rot
n χs as defined previously. The results lead to the selection rules, which
state that the azimuthal quantum number L, the magnetic quantum number Ml
and the spin quantum number S of a system need to hold the following condition
∆L=±1, ∆Ml=0,±1, and ∆S=0. This means that the phosphorescent emission is
spin forbidden.
Figure 1.6: Draft of excited and ground state and the corresponding emission and absorp-
tion lines, which leads to a mirror-inverted shape (reprinted from [9]).
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The ansatz for the wave function Ψtotaln was to separate the different compo-
nents and to build a product out of them. Thereby it is assumed that the com-
ponents are independent from each other. This fact does not hold true for all
cases. For massive atoms for example an effect called spin-orbit coupling comes
into play. In this case the separation ansatz is invalid and the T1→S0 transition
is possible. In organic electronics iridium complexes are often used for this pur-
pose. The iridium molecules are applied as phosphorescent emitters in OLEDs [11].
Prominent examples are tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) and tris(1-
phenylisoquinoline)iridium(III) (Ir(piq)3) which are also used in the course of this
work.
1.2.3 Hybridization, Delocalization and Conductivity
The pi-Electron System
The special properties of the carbon atom and its orbitals are crucial for being
able to build up stable complex organic molecules. In order to understand the
unique properties of carbon one has to take a look at the atomic orbitals which are
occupied by the six electrons. The atomic orbitals have to obey the Schro¨dinger
equation for a single atom. When using spherical coordinates one finds that the
spherical harmonics Y ml (θ, φ) with an additional term depending on the distance to
the nucleus Rnl(r) do solve the Schro¨dinger equation. The ansatz is given by:
Ψ(r) = Rnl(r)Y
m
l (θ, φ), (1.9)
where n is the principal quantum number, l the azimuthal quantum number and
m the magnetic quantum number. Applying Hund’s rules and the Pauli exclusion
principle stating that the lowest energy levels get filled with electrons first and that
a given set of quantum number can only be occupied by one electron, one gains the
electron configuration of the carbon atom. The carbon atom in an unbound state
has two electrons in the 1s orbital, another two electrons in the 2s and two more
in the 2px, 2py and 2pz orbital. The 2s as well as the 2px and 2py orbitals are
depicted in Fig. 1.7(a) and Fig. 1.7(b). Due to the fact that carbon has electrons in
the 2p as well as 2s orbital a phenomenon called hybridization can occur which leads
to different types of bonds between carbon atoms. Three types of bonds between
carbon atoms can occur by combining the 2s and the 2p orbitals which is in fact an
application of the LCAO method. These bonds will be discussed with the help of
the simple molecules ethane, ethene and ethyne.
Ethane shows a sp3 hybridization. The 2s orbital is combined with all three 2p
orbitals leading to four equal 2sp3 orbitals. These four orbitals are arranged in
tetrahedral orientation. They are leading to a σ bonds between the two carbon
atoms. Ethene on the other hand makes use of a sp2 hybridization. In this case
only two 2p orbitals combine with the 2s orbital to three 2sp2 orbitals. These
orbitals again form σ bonds four of them build bonds to the four hydrogen atoms
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the remaining two build a bond between the carbon atoms. For the carbon atom the
not linear combined 2p orbital is standing perpendicular to the three 2sp2 orbitals
which are arranged in a plane. The coils of the 2p orbital of the two carbon atoms
in the ethene overlap and lead to a bond called pi bond. The carbon atom of ethyne
has two 2sp orbitals by the combination of one 2s and one 2p orbital, therefore
two 2p orbitals are left, which from pi bonds. The pi orbital has the advantageous
characteristic that it extends over the complete length of an alternating carbon
chain. The electrons can move along the pi orbital and are therefore delocalized.
Comparing the strength of the bond between the carbon atoms of the ethane
molecule, which consist of a single σ bond, and the ethene molecule, which consist
of a σ and a pi bond one finds that the ethene bond is less than twice as strong
as the ethane bond. Therefore, the electrons in the pi orbital are not strongly
bound. They are energetically closer to the energy level of a free electron and build
thereby in most of the cases the highest occupied molecular orbital (HOMO) of the
molecule. The lowest unoccupied molecular (LUMO) orbital is the pi∗ non-binding
orbital. The delocalization of the pi orbital lead to the fact that the HOMO and
LUMO levels can be associated to the known valence and conduction band in a
non-organic semiconductors. Typical values for the difference between HOMO and
LUMO are 1, 5 − 3 eV. The HOMO LUMO gap decreases with increasing length of
the conjugated pi system. The size of the conjugated pi system therefore influences
the emission and absorption characteristics of the molecule.
Figure 1.7: (a) Sketch of atomic orbitals of a free carbon atom with the unpaired electrons
in the 2px and 2pz orbitals. (b) Two possible hybridizations of the 2s with the 2pz
orbital (reprinted from [10]).
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Conductivity
In inorganic semiconductors the band-transport model is used to explain conductiv-
ity. Concerning organic semiconductors multiple models exist. Excessive electrons
or missing electrons in molecules act similar to electrons and holes in inorganic
semiconductors. The additional electrons in organic molecules are located on the pi∗
orbital and turn the molecule into a charged radical. The hole on the other hand is
a missing electron in the pi system. In other words holes and electrons which take
part in the conduction process are located in the HOMO respectively LUMO level
of the molecule. In the following, the most prominent charge transport model will
be introduced.
A congruent explanation for conductivity is given by the hopping transport mo-
del [12, 13]. Due to the fact that the pi and pi∗ orbital is extended over the hole
molecule, it is assumed that the electrons and the hole are delocalized and that
they therefore can move freely within the molecule [14]. This means the charges are
confined on one molecule. In contrast to this, charges in inorganic semiconductors
are not confined due to covalent interatomic bonds connecting all atoms. This
indicates that the critical step is the transfer of the charge from one molecule to
neighboring one. One assumes that this process is happening as a stochastic hopping
process. The hopping transport mechanism is sketched in Fig 1.8. Most of the small
molecules used in organic electronics do not show any long range order [15]. The
molecules are statistically oriented. In the hopping model of Ba¨ssler at el., the
density of states (DOS) is given by a Gaussian distribution function with the width
σ [13]. As explained before the electrons or holes can hop respectively tunnel from
one molecule to the next. This process is dependent on the energy difference, the
distance between the molecules as well as the temperatures and the strength of the
externally applied field. It was found that higher temperatures lead to a higher
hopping probability. The temperature dependence of the mobility can be written as
µ ≈ exp (T0/T )1/α where α is a fitting parameter. The hopping process limits the
charge carrier mobility.
Figure 1.8: Sketch of hopping transport mechanism in organic semiconductors. The energy
distribution of the states is depicted on the right as a Gaussian distribution (reprinted
from [14]).
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The mobility values commonly found are in the range of µ = 10−8 − 10 cm2
Vs
. The
conductivity depends on multiple factors. The amount of present charge carriers
and the purity of the organic material are of importance. So called traps, molecules
with a lower LUMO or higher HOMO lead to the trapping of charges and therefore
lower amounts of mobile charge carriers and a lower conductivity. Highly clean
pentacene crystals for example show conductivity values up to µ = 2.4 V−1s−1 [16].
In addition, the charge carrier mobility is decreased by several magnitudes compared
to inorganic semiconductors due to the fact that most of the organic layer show only
short range order.
The conductivity can be tailored by a doping process. The method is similar to
the one used for inorganic semiconductors. Dopants have a higher LUMO or a lower
HOHO than the matrix material, just inverse to the characteristic of traps. They
therefore inject charges leading to a higher conductivity. A good overview of the
different conductivity models is given by Tessler et al. [17].
1.3 The p-i-n Concept
Most OLEDs which are investigated in our days are multi-layer OLEDs. The first
OLEDs though consists only of a single layer, located between two electrodes [18].
In order to gain a working OLED at least one emissive organic layer and at least
one transparent conducting layer is necessary. A sketch of the cross section of a
multi-layer bottom emitting pin-OLED is shown in Fig. 1.9(a). The thickness of the
layers varies from 10 − 100 nm. Due to the small layer thickness and for stability
a substrate is necessary. In case of a bottom emitting OLED the substrate needs
to be transparent such that the light produced by the OLED can exit the device.
In most of the cases glass is used. In some applications also a flexible substrate is
applied [19]. On top of the substrate the anode, in most of the cases indium tin
oxide (ITO), is located. The transparent and conducting ITO layer gets sputtered
on top of the substrate. In case of a large area lighting panel the conductivity of the
ITO can get a limiting factor leading to inhomogeneous light emission of the OLED.
The following organic layers have specific functions and are deposited by a vapor
deposing process. The top layer is a metallic cathode. Often aluminum or silver is
used. In order to avoid degradation induced by oxygen and water the OLED gets
encapsulated in a nitrogen atmosphere and a getter material is placed inside the
encapsulation. More details are given in section 3.2.
The organic materials used for the OLED are commonly divided into two ma-
jor classes, polymers and small molecules. The two classes differ in the way the
thin films are prepared, the fundamental properties of both classes are mainly the
same. Polymers are typically processed from solution [20] whereas small molecules
are thermally evaporated in vacuum [21]. Both methods have their advantage and
disadvantages. While thermal evaporation needs high vacuum conditions which is
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an expense factor, one major challenge for solution processing is the elimination of
remains of the solvent, which lead to unwanted degradation effects.
A schematic sketch of the working mechanism of an OLED is given in Fig. 1.10.
In the vertical axis the HOMO and LUMO energy levels of the organic material is
depicted, while the horizontal axis is the position within the OLED. After applying
a sufficient voltage electrons get injected from the cathode into the LUMO of the
electron transporting layer, while holes get injected from the anode into the HOMO
of the hole transporting layer. The HTL and ETL are in most of the cases doped
as described in the subsection 1.2.3. In the ideal case they only show ohmic behav-
ior. The doping leads to a higher amount of free charge carriers, therefore better
conductivity and a lower voltage drop over this section of the OLED. This lowers
the turn on voltage and enhances the luminous efficacy (LE). Ideally the turn on
voltage is close to the band gap of the emitter material. The electrons and holes pass
the blocking layers which block the other charge type leading to the fact that the
charges get confined in the emission layer. The blocking effect is achieved through a
low HOMO for the hole blocking layer and a high LUMO for the electron blocking
layer. Some chemical structures and the position of the materials in the OLED stack
are depicted in Fig. 1.9(b).
The fist emission layers used for OLEDs were made of a bulk emitter material [18].
A single bulk emitter material layer shows limited luminous efficacy due to non-
radiative decay paths caused by impurities and the so called ”aggregation quenching
effect” [22]. To circumvent these problems a host-guest system of an emitter molecule
and a suitable matrix material is used [21]. The emitter material gets doped into
the matrix material. The holes and electrons confined within the emission layer
recombine and build Frenkel excitons. The process is driven by the coulomb forces
acting between the different charge carriers. In case of a host-guest system, in a next
step the excitons need to transfer from the matrix material to the emitter molecule.
To enable this process the HOMO and LUMO levels of the matrix and the emitter
molecule need to be chosen such that sufficient Fo¨rster energy transfer is possible.
A second process to gain emitter molecule excitons is by trapping charge carriers on
the emitter molecule and recombining with the opposite charge carrier. Still, it was
found that some emitter materials form aggregates which lead to a drop in luminous
efficacy [22].
The excitons on the emitter molecules decay radiatively. The excited emitter
molecule is with 25 % probability in a singlet and 75 % in a triplet state. This
is due to the fact that there is one singlet and there triplet spin combinations.
As discussed in subsection 1.2.2 most molecules only show fluorescence due to the
fact that the T1 → S0 transition is spin forbidden. In order to gain high internal
quantum efficiency for the OLED and harvest the triplet phosphorescent emitters
such as Ir(ppy)3 are used.
In subsection 1.2.3 the Gaussian distribution of the HOMO and LUMO energy
levels were discussed. This of cause also holds true for the emitter molecules which
leads to the fact that the emission spectrum of a single emitter OLED shows a
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Figure 1.9: (a) Sketch of the cross section of an OLED. The layer sequence from the bottom
to the top is as follows: substrate, anode, hole-transport layer (HTL), electron-blocking
layer (EBL), emission layer (EML), hole-blocking layer (HBL), electron-transport layer
(ETL) and the cathode. (b) Schematic layer sequence of a red emitting pin-OLED and
the chemical structures and acronyms of the materials.
broad full width at half maximum. The doping ratio of the emitter molecules into
the matrix can vary from a few up to twenty percent. With higher doping concen-
trations a slight red shift of the emission wavelength of the emitter material can
be observed. The agglomeration of molecules leads to a polarization effect and an
increased emission wavelength.
Important for an OLED is also the light outcoupling. There are basically three
types, bottom emitting OLEDs, top emitting OLED and hybrids of both. In this case
a bottom emitting OLED was discussed. Most top emitting OLEDs are structured
such that they have a reflecting anode and a very thin metal cathode which is
transparent. In depth investigations of the transparency of thin silver and aluminum
cathodes have been conducted by Meiss et al. [24]. OLEDs as well as inorganic light-
emitting diodes (LEDs) show the shortcoming that only a fraction of the light, which
is generated in the device, can be used for illumination. Light which is outside of
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Figure 1.10: Sketch of an OLED showing the different material layers and their HOMO and
LUMO energy levels to illustrate the principle working mechanism of an OLED (reprinted
from [23]).
a specific escape cone suffers total internal reflection (TIR) and waveguiding due to
the high refractive index of the substrate [25, 26]. To enhance the low outcoupling
efficiency of approximately 20 % for OLEDs, efforts have been made to expand the
escape cone of the substrate and to suppress the waveguide modes by introducing
rough or textured surfaces, lenses, as well as mesa structures [27, 28].

Chapter
2
Device Degradation
Despite the attractiveness of organic electronics for many applications, the degra-
dation of these devices is still a significant problem for the broad commercial usage
of this technology [29–31]. For that reason and the fact that this work mainly fo-
cuses on the understanding of OLED degradation processes, a summary of the most
important findings concerning that subject will be given in the following chapter.
Detail on the methods used to evaluate intrinsic OLED degradation are shown
in the first section. Degradation in general can be interpreted as the aging induced
fade of a specific set of observables. This is in case of an organic solar cell the
current-voltage (IV) characteristic in particular the short circuit current [32, 33].
For organic field-effect transistors the field dependent charge carrier mobility as well
as the threshold voltage are used as observables [34, 35]. In case of OLEDs the
luminance is used. The usage of the drop in luminance as indicator of degradation
will be discussed in the first section in more depth.
In the following two sections, extrinsic and intrinsic degradation factors will be
discussed and evaluated. The most common factors leading to extrinsic degradation
are oxygen and water influences [36, 37] as well as temperature and light [38–40].
Intrinsic degradation on the other hand is caused by diffusion, migration and trap-
ping processes as well as material specific chemical reactions. Aziz and Popovic give
a good overview on different degradation mechanisms [41]. There have been three
different ways of luminance drop characterized in literature. One type is the dark
spot degradation which leads to local non-emitting spots. The other one is the total
failure of the device in which a sudden drop in luminance occurs. The most common
reason for this effect is the development of small shortcuts between the cathode and
the anode. The last option is the intrinsic degradation which comes along with a
steady decrease in luminous efficacy. The intrinsic degradation is not understood
fully and will be the topic of investigation in the course of this thesis.
25
26 2 Device Degradation
2.1 Characterizing OLED Degradation
The common procedure for OLED characterization is the measurement of the current-
voltage characteristic and the luminance. By gathering these information over time,
conclusions concerning the OLED degradation can be drawn. For commercial use
of the OLED technology, long lifetimes are required. The OLED100 project an
integrated European research project initiated 2008 set as one main objective the
increase of the lifetime of white light emitting OLED to more than 100, 000 hours.
In addition for OLEDs which are used in display applications, burn-in effects are of
great importance. The burn-in effect becomes visible at 3 % luminance difference
between adjacent pixels and can originate from degradation effects. To overcome
this burn-in effect the lifetime of the OLEDs needs to be increased to approximately
60, 000 hours [42]. In order to experimentally validate such long lifetimes, it is ineffi-
cient to age the OLED for such a long time frame. Therefore, extrapolation methods
as well as ways to speed up the degradation processes are used. Higher currents and
elevated temperatures are common methods to increase the aging process. In addi-
tion proper fitting and extrapolation of the measurement data can lead to shorter
measurement times. The mathematical methods to properly interpret these data as
well as the internal degradation process will be discussed in this section.
As already mentioned, the change in luminance is often used as measure for OLED
degradation. One important value which is frequently referred to is the lifetime of
the OLED. There are multiple definitions of the lifetime. The most commonly used
lifetimes are t0.95, t0.8 and the half-life time t0.5. The lifetimes are defined as the
time until the luminance has decreased to 95 %, 80 % or 50 % of its initial value,
respectively. The lifetime is specific to each OLED type, the used materials and the
initial luminance.
In case of very long lifetimes it is necessary to fit and extrapolate the correspond-
ing luminance-time curve in order to gain an estimate for the half-life time. One
frequently used way to describe the luminance drop mathematically is the combi-
nation of two exponential functions. One exponential function is accounting for a
rapid initial decay process, the other one for a long-term degradation. Therefore,
the drop in luminance can be described by:
L(t)
L0
= a · e−αt + b · e−βt. (2.1)
L0 is the initial luminance, L(t) the luminance after the device was aged for the
time t and a, b, α, β are fitting parameters. Fery et al. showed that Eq. 2.1 does not
suit very well the purpose of extrapolating the lifetime curves. Fery et al. criticized
that the resulting curves and thereby the approximated half-life times do deviate
depending on the time frame of the used measurement data [43]. In other words the
results of the approximation does vary depending on the relative luminance drop
until which the degradation was recorded.
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An improved way to fit the luminance time curve is by using a stretched expo-
nential decay (SED), as reported by Howard et al. and Ishii et al. [44, 45]. The drop
in luminance is given by:
L(t)
L0
= exp
[
−( t
τ
)β
]
; 0 ≤ β ≤ 1, (2.2)
where τ and β are fitting parameters. Meerheim et al. showed that the usage of
a stretched exponential function leads to a more precise approximation compared
to the usage of a simple exponential function where β = 1 [46]. Fery et al. showed
that β does not depend on the initial luminance used for the OLED aging [43]. This
means when multiple measurements at different luminances or currents are taken,
only a single fitting parameter (τ) is required. The parameter β only depends on
the used materials and the architecture of the OLED.
The interpretation of the physical meaning of Eq. 2.2 is not straightforward. Fery
et al. applied a mathematical approach which is used to describe the degradation
processes observed in SiO2 under constant pressure. They have shown that Eq. 2.2
can be interpreted as a solution of a differential equation used in the field of glass
relaxation.
Assuming a normal decay process of the emitter molecules in the OLED with a
constant decay probability b, one gains for the amount of emitter molecules N the
differential equation dN = −bN(t)dt. A solution of the differential equation is the
exponential function N(t) = N0 · exp (−bt). Fery et al. claimed in contrast to this
approach that the decay probability b is not constant. They propose that the de-
cay constant for an emitter molecule depends on the amount of surrounding intact
molecules. A possible reasons for this effect is that the emitter molecules could con-
tribute to the degradation through radiative or non-radiative recombination effects.
Concluding, it is assumed that b changes with the amount of intact molecules N(t).
Fery et al. showed mathematically that this effect leads to a SED function.
The deviation between the approximation of t0.5 and the experimentally validated
value strongly depend on the time frame of the used measurement data. Meerheim
et al. investigated this relation in more detail by statistically analyzing multiple
degradation measurements with different OLED types [46]. It was found that ap-
proximations of degradation data which are only taken to t0.75 lead to approximation
errors concerning t0.5 of up to 100 %.
In case of lifetime measurements with very low current densities the approximation
of t0.5 leads to very high approximation errors as elucidated by Meerheim et al. An
alternative way to gain more precise data within the same aging time frame is by
using a different approach which will be explained in the following. By using multiple
current densities for aging samples of the same OLED type one can speed up the
process of determining t0.5. Equation 2.3 illustrates the dependence between the half-
life time and the initial luminance. It is possible to approximate the lifetime for lower
current densities once several [L0,t0.5] pair have been determined. Thereby one can
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avoid long degradation times by choosing higher current densities and approximating
for lower current densities.
The form of Eq. 2.3 can be understood by evaluating the equation in terms of the
limits. It is assumed that the degradation is only driven by intrinsic degradation
caused by the applied current. This means that in the case of the storage of an
OLED when the initial luminance is zero (L0 = 0) there should be no degradation
and therefore the half-life time tends to infinity (t0.5 → ∞). On the other hand,
if the initial luminance tends to very high brightnesses, the half-life time goes to
zero. These two conditions can be fulfilled by an equation of the form f(x) = 1/xn.
Therefore, t0.5 can be written as:
t0.5 =
D
(L0)n
=
D′
(j)n
. (2.3)
D, D′ and n are fitting parameters which vary with the used material and the
OLED architecture. Due to the fact that the current density driven through the
OLED and its resulting luminance is proportional to each other in a certain range,
it is possible to write equation 2.3 for the initial luminance L0 as well as the current
density j in the same manner.
2.2 Extrinsic Degradation Mechanisms
As mentioned, extrinsic degradation mechanisms originate from extrinsic influences
like diffused oxygen and water [36, 37] as well as temperature and light [38–40].
These external influences can lead to several effects such as chemical reactions and
delamination effects which are shown in subsection 2.2.1. In addition crystallization
effects can occur leading to changes in morphology as discussed in subsection 2.2.2.
2.2.1 Dark Spot Degradation
The dark spot degradation is a specific type of degradation happening in the OLED
which induces a drop in luminance due to the development of non-light emitting
areas [41]. The non-emitting areas are called dark spots. This phenomena was first
observed in the 1990s by Burrows et al. as well as other groups [47–49]. Dark spot
degradation can also occur without electrical driving during the storage time of
the OLED. Electrical driving of the OLED does speed up this degradation process
though [41]. This hints to the assumption that dark spot degradation is connected to
electrochemical or thermal processes. The dark spots tend to grow with increasing
amount of charge driven through the OLED. The effect of the dark spot formation
can be explained by the delamination of the cathode from the organic layer stack.
Thereby the electrical contact is lost and a non-light emitting spot is visible. There
are currently multiple attempts to explain the delamination effect. Two of them
will be shown in detail.
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One possible explanation is that microscopic short cuts cause the delamination of
the cathode and thereby the dark sport formation [50, 51]. It is assumed that when
voltage is applied to the OLED, very high current densities occur along the micro
short cut leading to a strong heating of the surrounding organic layers building so
called ”hot spots” [47]. The extensive heat at the hot spot leads to the oxidation of
the cathode and thereby to delamination. Due to the fact that the electron injecting
contacts of the OLED are in most cases base metals, such oxidation reactions at the
cathode are likely. Once the dark spot is formed, it can grow via the same effect.
Due to higher currents running along the edges of the dark spot again local heating
and delamination can occur.
Jeong et al. proposed that small gas channels called pinholes in the cathode are
formed during OLED production [52]. The pinhole enables the gas surrounding the
OLED to diffuse to the interface between cathode and organic layers. In case of a
metal cathode the penetrating oxygen leads to the oxidation of the metal electrode,
which increases the contact resistance and leads to delamination [36]. The existing
water at the interface can dissociate to radicals due to the applied voltage at the
OLED. This leads to hydrogen and oxygen molecules enclosed at the interface. The
gas incorporates more volume than the initial water molecules, leading again to
delamination of the cathode. The degradation introduced by water has a higher
impact compared to other gases as discussed by McElvain et al. [48].
Proper encapsulation of the OLED and cleaning of the substrate as well as pro-
cessing in ultra-high vacuum conditions can reduce the formation of dark spots
significantly [47]. At the current state, dark spot degradation does not play a major
role in device degradation.
2.2.2 Change in Morphology
The idea of the degradation by change in morphology is that the morphological
changes induce instabilities which lead to a degradation effect. In 1994 Burrows et
al. followed by other groups assumed that the crystallization of organic materials
is the reason for temperature depended degradation [38, 47, 53]. In the same year
Sato et al. found that N,N-bis(3-methylphenyl)-N,N-diphenylbenzidine (TPD) lay-
ers evaporated on top of an ITO surface show a significant higher roughness and
thereby higher crystallization after several days of storage [54]. Such changes in
the hole-transport layer (HTL) can lead to morphological changes at the interface
between HTL and the surrounding layers. This leads to bad linkage and higher
electrical resistance [55]. Therefore, the unstable hole transport material should be
responsible for the OLED degradation. Even though the morphological instabili-
ties could be observed for single TPD-layers, these effects could not be detected in
OLEDs.
The assumption crystallization effects have a major impact on degradation was
found to be false. New materials with higher glass transition temperatures were
developed in order to decrease the OLED degradation. However, it was shown
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that these materials do not increase the operational stability of the OLED at room
temperature [56, 57]. At the current state of research one has to conclude that
crystallization does not play a major role in OLED degradation [41]. It turns out
that a different effect drives morphological OLED degradation. Due to differences
in temperature within the OLED the material expands locally in a different manner
leading to influences due to strain [38].
2.3 Intrinsic Degradation Mechanisms
The intrinsic degradation is in general the decay of luminance over time, which
does not show any recognizable characteristics like the dark spot degradation or the
total failure of the device. The mentioned luminance decay goes along with a drop
in external quantum efficiency of the OLED. One important driver of the intrinsic
degradation is the current and therefore the redox cycles to which the used organic
materials are exposed to. To emphasis this fact rough calculations show that during
1, 000 hours of electrical driving the organic material undergoes 101 redox cycles [58].
Attempts to explain the intrinsic degradation in a general model failed. The intrinsic
degradation is very dependent on the type of organic material which is used in the
OLED stack. Therefore, the intrinsic degradation has multiple causes of different
nature. Quite often chemical reactions at the interface between two organic layers
lead to intrinsic degradation effects [46]. Once such an intrinsic degradation pathway
is found, it is the aim to optimize the OLED stack in such way that the degradation
is suppressed. While some red emitting OLEDs show very low degradation and
long lifetimes, blue emitting OLEDs show comparatively small lifetimes, leaving
lots of space for improvement concerning suppressing intrinsic degradation. Using
an initial luminance of 1, 000 cd/m2 OLEDs with fluorescent blue emitters have
lifetimes of 15, 000 h compared to red fluorescent OLEDs with 1, 000, 000 h and green
phosphorescent emitters with 150, 000 h [59, 60]. In this section, detail on some
common intrinsic degradation models like the unstable cationic Alq3 model and
other material specific chemical degradation effects as well as diffusion and migration
effects will be given.
2.3.1 Chemical Degradation
A part of the intrinsic degradation mechanisms is the chemical degradation. The
chemical degradation is specific to the used materials. It is therefore hard to draw
general conclusions. Most results of publications related to chemical degradation
can only be applied to a specific OLED stack or a specific material combination.
In this section, the unstable cationic Alq3 model and the chemical degradation of
carbazol derivatives and ruthenium complexes are discussed.
The degradation of ruthenium based metal complexes has been investigated by
Kalyuzhny et al. [61]. It was found that water impurities lead to the degradation of
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the ruthenium based metal complex [Ru(bpy)3]
2+. The formed degradation prod-
ucts have fluorescence quenching properties. Soltzberg et al. also analyzed the
aging of ruthenium based OLEDs [62]. They used MALDI-TOF-MS measurements.
More information about the principles of the MALDI-TOF mass spectrometry is
discussed in section 4.4. Soltzberg et al. produced single layer OLEDs by spin coat-
ing the molecules on top of an ITO substrate. Gold (Au) was used as a cathode. In
order to gain mass spectra of the OLEDs the organic material was detached from
the ITO layer and mixed with a matrix material. The analysis of the mixture by
the MALDI-TOF spectrometer and the comparison between aged and an unaged
reference samples show that the ruthenium complexes do react with each other as
well as with water. The origin of the water is not clear. Soltzberg et al. identi-
fied ([(bpy)2(H2O)RuORu(OH2)(bpy)2]
4+) as a degradation product which contains
an oxygen bond to the ruthenium atom. These finding have been confirmed by
comparative Raman measurements.
The unstable cationic Alq3 model can only be applied to OLEDs which use Alq3
as emitter material. It is assumed that during OLED operation cationic Alq3 ions
exist which are not stable. The degradation products of the Alq3 ions are thought to
lower the electroluminescence by acting as fluorescence quencher and traps. Kumar
et al. [63] investigated the influence of light exposure on Alq3 films using ellipsometry,
photoluminescence and infrared spectroscopy. They found that the optical constants
for white light exposed samples changes. In particular, the value of k near 380 nm
decreases with exposure time. In addition an exponential decay of the photolumi-
nescence and a decrease in absorption of the film was found. These findings support
the assumption that light exposed Alq3 molecules undergo irreversible structural
transformation. Thangaraju et al. found that carbonyl groups were created within
the Alq3 molecule during OLED degradation leading to fluorescence quenching [64].
In addition it was found that the Alq3 degradation takes predominantly place at the
interface between the Alq3 and the hole transporting layer [65]. Aziz et al. produced
a hole only device using Alq3 as emitter material [66]. They found that higher hole
currents lead to a higher Alq3 degradation. Luo et al. also showed that not only
holes but also higher electron concentrations lead to a reduction of the lifetime of
Alq3 OLEDs [67]. In this case an electron conducting device was built. A mixed
layer consisting out of a hole transporting and an electron transporting material
was evaporated on top of the Alq3 layer. By tuning the mixing ratio of the two
materials it was possible to vary the electron concentration in the Alq3 layer. Luo
et al. found that with increasing electron concentration also the Alq3 degradation
increases [67].This leads to the conclusion that not only the hole current alters the
Alq3 molecules. Investigations of Alq3 using cyclic voltammetry showed that the
reduction of Alq3 is reversible at high sampling rates, while the oxidation process
was irreversible [68, 69]. Concluding, it has to be said that hole as well as electron
currents lead to the degradation of Alq3 molecules.
The reaction of carbazol derivatives have been investigated by Kondakov et al. [70].
A dissociation reaction of the 4,4’-bis(N-carbazolyl)biphenyl (CBP) molecule as well
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as the degradation of the Ir(ppy)3 emitter was found. As analytical methods at-
mospheric pressure chemical ionization mass spectrometry (APCI-MS) and high-
performance liquid chromatography (HPLC) were used. In order to apply the HPLC
technique for the analysis of the degradation processes, the organic material of the
OLED was detached from the substrate and solved. The chromatically separated
material in the mobile phase was analyzed by UV absorption measurements and af-
terwards by APCI mass spectrometry. The mass spectra as well as the differences in
the material concentrations in the HPLC between aged and unaged materials show
that CBP homolytically dissociates in 4-(N-carbazolyl)biphenyl (BPC) and Car-
bazol. The Carbazol reacts with BPC to 3-CCBP (3-carbazolyl-(4-(N-carbazolyl)),
4’-(N-carbazolyl)biphenyl).
2.3.2 Diffusion and Migration
Diffusion and Migration can explain several effect happening during the intrinsic
degradation of an OLED. In most cases when OLEDs are aged at a constant current,
the decay in luminance comes with an increase in driving voltage. This effect can
be explained by a model which assumes the existence of movable ions in the OLED.
Even though high amounts of ions could not be detected by experiments, simulations
which incorporate these show effect such as the increase in driving voltage and the
drop in luminance. These simulations by Shen et al. are based on a mathematical
model [71]. As mobile ions indium, tin, and magnesium were used. The increase in
driving voltage can be understood by space charge effects induced by the movable
ions. The movable ions position themselves in such a way that the applied external
field for the OLED operation gets weakened. The decay in luminance may be caused
by the ionic recombination centers.
In addition it was found that the speed of degradation of the OLED does not differ
much in the long run between driving the OLED with direct current compared to
alternating current [72]. When an OLED is driven with alternating current, in means
the ions should not significantly move. Therefore, the diffusion of these impurities
into adjacent organic layers and the degradation effects should be limited. This on
the other hand shows that the moving ions cannot be the main case for long time
degradation and can only explain the initial degradation.
Diffusion or migration of anode or cathode materials into the active layers of the
OLED was investigated by several groups. This migration effect is also called elec-
tromigration. Lee et al. used the secondary ion mass spectrometry (SIMS) to find
higher amounts of indium and magnesium in the OLED stack of aged OLEDs com-
pared to non-aged ones. It was found that magnesium shows only a small migration
effect with a few nanometers [73]. In addition silver migration was identified by Song
et al. and indium migration by Luo et al. [74, 75]. Also materials used as dopants
like lithium undergo diffusion effects. The lithium migration has been investigated
in detail by Parthasarathy et al. [76]. For the indium as well as the magnesium
migration, it was found that these effects do not have a major impact on the OLED
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degradation, as evaluated by Aziz et al. [41]. All in all the influence of diffusion and
migration effects is still controversially discussed.
2.3.3 Trapped Charges
Kondakov et al. discovered the process of positive charge accumulation during
OLED degradation [77]. Zhou et al., Turak et al., and Pinato et al. related this effect
to reactions between the cathode material and the emission layer [78–80]. Kondakov
et al. argued that the accumulation of positive charges should be located between
emitter and hole transporting layer. The positive charges get ”trapped” at defects.
This effect was found to be independent of the driving conditions and the used
emitters. It could be shown that the decrease in luminance is proportional to the
increase in trapped charge density. There are two possible explanations given by
Kondakov et al. Either the trapped charges directly influence the decay in luminance
or the accumulation of charges goes along with a chemical degradation reaction and
the reaction products act as recombination center.
In a second publication Kondakov et al. found that such degradation effect are not
limited to positive charges [81]. They detected that also trapped negative charges do
agglomerate in the vicinity of the recombination zone during degradation for specific
OLED structures. The chemical nature of the traps remain unclear. It was found
that these traps can be filled once they are irradiated with white light. In addition
they show a redshifted, broad emission spectrum. This is consistent with the for-
mation of Alq3 degradation products as a result of electrical aging. The resulting
loss in luminous efficacy can be explained by two mechanisms. Either the mobile
holes and the trapped electrons recombine non-emissive via direct recombination
or a long-range energy transfer from the OLED emitter molecule to the unfilled
electron trap molecule takes place, leading to a non-emissive excited state.

Part II
Experimental Techniques and
Methods

Chapter
3
Processing of OLEDs
This section will show the different steps which are necessary to process OLEDs
including the cleaning procedures, the evaporation process, and the encapsulation
of the OLED.
3.1 Sample Structure and Sample Cleaning
The structure of the OLED samples can be seen in Fig. 3.1(b). The OLED samples
used in the course of this work contain four independent OLED devices which are
called pixels. Their shape and position is defined by the ITO structure as well as
by the mask used during organic material and cathode evaporation. The pixel area
does vary between six and seven square millimeter, depending on the layout of the
cathode mask.
For the evaporation, two different deposition tolls, a single and a multi-chamber
vacuum deposition tool is used. The substrate size, the sample cleaning as well as
the sample processing does differ depending on the used deposition tool.
Before the material deposition, the substrate needs to be cleaned to fully remove
the contamination on the substrate surface. Non-proper substrate cleaning would
lead to short circuits or lower device performance. The substrates are cleaned in
a multi-step process. All substrates are cleaned in ultrasonic baths with different
solvents. The exact procedure differs depending on the used deposition tool and will
be explained in the following paragraphs.
For the sample production in the multi-chamber deposition tool (UFO II) a 2.5 x 2.5
cm2 sized borofloat glass with a thickness of 1.1 mm is used as a substrate. The struc-
ture of an OLED stack is discussed in section 1.3. As bottom contact of the OLED
ITO is used. The glass substrates are already coated with ITO by the manufacturer
Thin Film Devices Inc. In the substrate cleaning process, ultrasonic baths in the
following sequence were applied: methylpyrrolidone (NMP), acetone, ethanol, and
isopropanol. The sample was dipped into the solvent for 8 min. Afterwards, the
substrates are dried in a nitrogen stream. As a final step the substrate gets plasma
cleaned in O2 plasma for 10 min.
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The substrate used in the single chamber deposition tool (Lesker) is a 15 x 15 cm2
sized borofloat glass which comes also with the ITO structures from the manufac-
turer Thin Film Devices Inc. This so called Lesker wafer contains a 6 x 6 matrix of 36
2.5 x 2.5 cm2 sized samples, which can be broken into single samples after processing.
The Leskar wafer can be seen in Fig. 3.1(c). For the cleaning of this type of sub-
strate the following steps were taken. First, the substrate is placed for 20 minutes
into an ultrasonic bath containing NMP. Afterwards, it is rinsed with de-ionized
water and placed into an ultrasonic bath of de-ionized water followed by ethanol
each for 10 minutes. As a last step the substrate is spin rinsed and plasma cleaned
in O2 plasma.
After the sample processing, the samples are encapsulated in nitrogen atmosphere
in order to avoid reactions with oxygen and water. This is done by covering the active
area by a small glass lid. The glass lit can be seen in Fig. 3.1(a) and is sealed with
a two component epoxy glue for UFO II samples and with a UV hardening glue for
Lesker samples. In case of a bottom-emitting OLED no light needs to pass through
the encapsulation glass and therefore a getter-material can be added, which can bind
water vapor within the encapsulation. After this step the samples can be handled
and measured in air.
(a)
(b)
(c)
Figure 3.1: (a) Picture of a single OLED sample containing four independently drivable
OLED pixels. (b) Schematic sketch of an OLED sample used through the course of this
work. (c) Picture of a Lesker wafer containing 36 single samples which are produced under
same conditions.
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3.2 Vapor Deposition of Organic Layers
All samples which are used in the course of this work are produced by thermal
evaporation of the organic substances under ultra-high vacuum conditions. As men-
tioned prior, two different ultra-high vacuum (UHV) tools are used to prepare the
devices which were investigated in the course of this work. For test samples, a multi-
chamber vacuum deposition cluster tool from the company Bestec called ”UFO II”
was used while for sample variations a single-chamber evaporation tool from the
company K.J. Lesker called ”Lesker” was used. The two vacuum deposition tools
are shown in Fig. 3.2(a) and Fig. 3.2(b). More details on specific characteristics of
these systems will be given in subsection 3.2.1 and subsection 3.2.2.
Both systems use the same evaporation technique but vary in different features.
Before getting into detail concerning the two evaporation system, common features
of both systems will be pointed out. All organic materials which are evaporated by
the two systems and accordingly are used in the OLED stack are purified by vac-
uum gradient sublimation prior to their usage. This step does reduce the amount of
unwanted impurities within the OLED stack. Impurities and other chemical degra-
dation mechanisms can shorten the OLED lifetime as discussed in subsection 2.3.1.
The evaporation of organic materials is carried out in ultra-high vacuum condi-
tions. This means the chamber pressure is kept below 10−8 mbar. It has to be
pointed out that during evaporation the pressure might increase up to 10−6 mbar.
The vacuum is not broken between the individual evaporation steps.
Both systems contain several evaporation sources at the bottom of the cham-
ber basement. The evaporation sources are made of a ceramic crucible which is
surrounded by a tungsten heating wire with an additional copper shield. At the
bottom of the ceramic crucible a nickel-chromium-nickel (NiCr-Ni) thermocouple is
located to enable the temperature measurement of the crucible. The temperature
of each source can thereby be set by a proportional-integral-derivative controller.
In addition each source also has a separate shutter, which blocks the cone shaped
material evaporation beam from entering the center of the vacuum chamber. In
contrast to the organic material and aluminum, silver and gold is evaporated by a
tungsten crucible.
In the upper area of the vacuum chamber, the substrate is located on a sample
mount. In close proximity just beneath the sample an exchangeable shadow slit
mask is located, which defines the device layout of the sample. In addition, a
second shutter is located beneath the sample mount.
Quartz crystal monitors (QCMs) are positioned within the evaporation beam.
The QCMs enable the measurement of the deposited layer thickness as well as the
evaporation rate. This is been achieved by putting the quartz crystal into vibration
and measuring the change in its eigenfrequency. The deposited mass is correlated
to the shift in frequency. By taking the correct density of the material into account
the deposited layer thickness and hence the evaporation rate can be determined. In
this case the deposited layer thickness at the position of the QCM is determined
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which differs from the deposited layer thinness at the sample position. In order to
take this geometrical effects into account the obtained thickness values have to be
multiplied with a fixed factor. By placing a second QCM at the position of the
sample this factor can be determined. The factor changes if the position of the
crucible or the QCM is changed relative to the sample. In this case, the factor needs
to be measured again. Typical evaporation temperatures for organic materials are
in the range of 60 − 450 ◦C with evaporation rates between 0.1 − 0.6 A˚/s.
To achieve doped layers such as most of the emission layers, which consists of an
emitter doped into a host material, co-evaporation is necessary. This is achieved by
controlling two or more evaporation sources with independent QCMs. The QCMs
therefore need to be exposed only to the evaporation cone of the specific source.
(a) (b)
Figure 3.2: (a) Picture of the single-chamber vacuum deposition tool from the company
K.J. Lesker. (b) Picture of the multi-chamber vacuum deposition tool called ”UFO II”.
3.2.1 The Multi-Chamber Vacuum Deposition Tool
The multi-chamber vacuum deposition tool also referred to as ”UFO II” is predom-
inately used for first tests of an OLED stack design or a new material as well as
other cases in which only a small amount of samples are needed. A picture of the
UFO II evaporation tool is shown in Fig. 3.1(b). The 2.5 x 2.5 cm2 sized borofloat
glass is pre-coated with ITO.
Before getting used in the deposition tool, the substrates need to be cleaned
as explained in section 3.1. The samples are mounted on a Teflon holder inside a
laminar flow box. Afterwards, the samples are transferred into a glovebox containing
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a nitrogen atmosphere. The glovebox is connected to the vacuum system such that
the samples can be loaded into the vacuum system.
The vacuum system consists of a central unit called ”Handler” which can transfer
the sample into several small vacuum chambers. In the small chambers the de-
position of the organic material or the metal takes place. There are four vacuum
chambers which each contain four to seven organic sources. In addition, there is one
chamber which is designated for metal evaporation as well as one chamber where
sputter processes take place. Depending on the type of material different vacuum
chambers are used. This avoids cross-contamination of donor or acceptor dopants.
3.2.2 The Single-Chamber Vacuum Deposition Tool
The single-chamber vacuum deposition tool also referred to as ”Lesker” is in con-
trast to the UFO II used for gaining a sufficient amount of samples such that doping
rations or layer thinness can be varied and analyzed. A picture of the Lesker evap-
oration tool is shown in Fig. 3.1(a). Due to the fact that multiple samples are pre-
pared by the same evaporation process, better comparability between the samples
is achieved, which is a significant advantage when doping rations or layer thinness
variations need to be analyzed.
Before getting used into the single-chamber deposition tool, also in this case the
substrates need to be cleaned as explained in section 3.1. On the bottom of the
vacuum chamber twelve evaporation sources for organic materials and three for the
metal evaporation are located. Due to the fact that many evaporation sources are
arranged beside each other not every evaporation cone is positioned properly in rela-
tion to the center of the substrate waver. In order to avoid potential inhomogeneities
in the layer thickness the substrate holder is set into rotation during the evaporation
process. Still, differences around 10 % in layer thickness between the center and the
edges are common.
The distance between evaporation sources and the sample substrate is larger com-
pared to the UFO II system. This enables the single-chamber deposition tool to
evaporate homogenous over a larger area. Therefore, a larger substrate wafer can
be used and up to 36 samples can be processed at the same time under identical
conditions. The layer thickness and the doping ratio can be varied between the
36 samples by using appropriate slit masks and wedges for every row and column in
addition to the shadow masks.

Chapter
4
Device Stress Setups and Analysis Methods
The following section presents in detail the used OLED aging and analysis setups.
The aging process of OLEDs is monitored in the OLED lifetime measurement setup.
The emission spectra as well as the IVL characteristic of the OLEDs are analyzed
in an automated OLED measurement robot. To analyze degradation effects an IR-
spectrometer as well as a laser desorption/ionization time of flight mass spectrometer
was used.
4.1 The OLED Lifetime Measurement Setup
To monitor the aging process of an OLED during electrical driving over a longer
time span, a lifetime measurement setup built by Novaled AG was used. The lifetime
setup consists of 64 measurement units as shown in Fig. 4.1(b). Each measurement
unit can drive and measure a single OLED sample, which consists out of four pixels.
The measurement box consists of a sample holder element with electrical contacts
as well as an optical detector unit. The cathode of the sample is connected to the
ground. The anodes of the four pixels are connected separately so that each pixel
of the sample can be driven at a set constant current or voltage as well as at an
alternating current. The currents applied to the OLED range in most of the cases
from 10 mA
cm2
to 60 mA
cm2
. The setup is limited to voltages up to 15 V. In the course
of this work the aging process is always conducted under a constant current. The
detection of the emitted light is conducted by three photo diodes for radiation in
the red, green and blue part of the electromagnetic spectrum. Thereby changes in
the colorimetric CIE value of the emitted light can be detected. A spectrum of the
OLED cannot be taken.
The data is processed and stored by a computer running a specially designed
program called ”Simple Lifetime”. The time interval in which measurement data
is taken is set to 10 minutes. The absolute luminance cannot be detected by the
photo diodes. Therefore, the luminance values measured prior to degradation by
the IVL-measurement robot can be used as an initial reference. If it is assumed that
no degradation takes place between the IVL and the beginning of the degradation
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measurement, the luminance value of the IVL measurement corresponding to the
set current can be used as the initial luminance value.
In order to avoid an interruption of the aging during power outs the lifetime setup
is connected to a backup battery power supply by the company American Power
Conversion Co.
4.2 IVL- and EL-Measurements
The primary characterization of the OLED samples concerning their current-voltage-
luminance (IVL) as well as their spectral emission characteristics are measured using
an automated measurement system from Novaled AG. A computer controlled mov-
able sample tray enables the automated measurement and characterization of up to
36 samples. A picture of the measurement setup is shown in Fig. 4.1(a).
(a) (b)
Figure 4.1: (a) Picture of the IVL-measurement setup from the company Novaled AG. (b)
Picture of the OLED lifetime setup.
A source measure unit (SMU-2400, Keithley Instruments Inc.) is used to char-
acterize the electrical performance of the OLEDs by supplying the OLED with a
fixed voltage and measuring the associated current running through the device. At
the same time while specific voltages are applied to the OLED the light emission
of the OLED in vertical direction to the sample surface is measured by a photodi-
ode. In addition to the photodiode, a waveguide connected to an absolute calibrated
spectrometer (CAS140 CT, Instrument Systems GmbH) measures the spectral ra-
diance of the OLED for fixed currents. The absolute luminance values obtained
from the spectrometer are used to calibrate the photodiode such that the forward
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luminance can be obtained for each voltage measurement step. The waveguide head
of the spectrometer is positioned perpendicular to and is oriented in the center of
the OLEDs emissive surface. This is achieved by performing a position calibration
by measuring the luminance while scanning over a sample pixel in x and y direction.
The perpendicular orientation leads to the fact that the spectrum can only be taken
in the forward direction. Assuming a Lambertian emitter, the external quantum
efficiency and luminous efficacy can be calculated. In order to gain a more precise
value, angle dependent measurements in a goniometer or an integrating sphere are
necessary.
4.3 The FTIR Measurement Setup
In this section, the reader will be introduced to the Fourier transform infrared spec-
trometer abbreviated as FTIR spectrometer. First, the basic principles of vibrational
spectroscopy are elucidated. Afterwards, the working principles of the Fourier trans-
form spectrometer are explained. The various statements and information in this
chapter were taken from several textbooks [82–89].
4.3.1 Principles of Vibrational Spectroscopy
Infrared radiation covers the part of the electromagnetic spectrum between the vis-
ible and the microwave region. For organic chemistry, the spectral region between
400 and 4, 000 cm−1 is most important. Most of the absorption bands of the func-
tional groups are located in this region. The energy of the infrared radiation is in
the energy range of the rotational and vibrational motion of a molecules. The IR ab-
sorption caused by a change in the rotational state of the molecule occurs primarily
in the far infrared region. This region is mainly used for the investigation of gases.
Vibrational bands in contrast are found in the mid and near IR. Infrared radiation
can only interact with a molecule when a change in the net dipole momentum occurs.
The absorption intensity is proportional to the square of the change of the dipole
momentum. If there is no change in the net dipole momentum no coupling between
the electromagnetic wave and the molecule is possible and therefore the mode is not
infrared active. Besides this condition, the IR radiation only gets absorbed when
its energy equals the energy difference between different vibrational or rotational
modes of the molecule. Due to the fact that the intensity of the carbon-carbon
single bond stretching is usually very low, the majority of the detectable absorption
bands originate from substituent groups. It is possible to detect and determine these
groups by IR spectroscopy.
To gain more in depth understanding, the following paragraphs will focus on
vibrational bands and the IR absorption by a methyl group. To approximate the
C-H stretching vibration of the methyl group, a rough estimation using Hooke’s law
will be conducted. In order to do so one uses the approximation that two atoms and
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their bond can be seen as a simple harmonic oscillator, hence one assumes that the
chemical bond strength obeys a linear force dependence. The stretching frequency
of two atoms with masses of ma and mb connected by a bond with a linear force
dependence and a force constant f can be described by:
ν =
1
2pic
·
√
f
ma ·mb/ma +mb . (4.1)
A schematic sketch of two masses connected by a spring representing a model for
a diatomic molecule is depicted in Fig. 4.2. The force constant f in the macroscopic
view is for instance the force constant of a spring. In the atomistic view it can be
interpreted as a measure of the stiffness of the bond between the two molecules.
Applying Equation 4.1 to a C-H bond with a value for f of 5·10−2 N
m
and mH =
1.67·10−24 g, mC = 2.1·10−23 g for the masses, one ends up with a frequency of
3, 032 cm−1. Generally the absorption of the C-H stretching bands of methyl or
methylene groups are observed between 2, 850 and 2, 960 cm−1 wavenumbers. This
difference between calculation and experiment can be explained by the fact that the
influence arising from the environment of the C-H bond within the molecule has not
been considered.
Figure 4.2: Schematic sketch of two masses connected by a spring representing a model
for a diatomic molecule.
In addition, the quantum mechanical behavior which is taking place at such scales
has not been considered. In this approach the vibrational energy of a harmonic
oscillator gets discrete. Evib for a harmonic oscillator is given by:
Evib =
h
2pi
·
√
k
ma ·mb/ma +mb ·
(
n+
1
2
)
. (4.2)
The same discretization also holds for more complex vibrational modes of molecules
involving more than two atoms. A fundamental transition is the excitation of the
molecule from the ground state to the first excited vibrational state. So called
overtones occur when a transfer to the second or third excited state are conducted.
These overtones are commonly found at multiples of the base absorption frequency.
They are weaker in strength. Beside fundamental transitions and overtones, a sec-
ond effect called Fermi resonance is found in IR spectra. Fermi resonance occurs
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when a fundamental vibration couples with an overtone or a combination-tone vi-
bration, while they are approximately at the same frequency. In order to couple the
vibrational levels, they need to be of the same symmetry species and the interacting
groups need to be located in the same molecule. In certain cyclic ketones, for exam-
ple, Fermi resonance of the C=O stretching occurs. At approximately 1, 710 cm−1,
an absorption doublet is found for cyclopentanone. This Fermi resonance occurs due
to the coupling of the vibrational mode of the carbonyl group with the α-methylene
group.
In order to get an idea of the number of absorption bands of a molecule, the follow-
ing thought will be elucidated. If overtones are excluded, the number of absorption
bands is limited by the amount of vibrational degrees of freedom. A molecule has
as many degrees as its individual atoms, hence 3n with n being the number of
atoms. Due to the fact that three degrees of freedom correspond to the translation
of the molecule and three correspond to the orientation of the molecule in space,
one ends up with 3n−6 degrees of freedom as vibrational degrees of freedom. Linear
molecules, for example, have 3n−5 degrees of rotational freedom. As an example,
the three fundamental vibrations of the water molecule are depicted in Fig. 4.3.
O
H H
O
H H
O
H H
a) b) c)
Figure 4.3: Sketch of the three fundamental vibrations of the water molecule. (a) Sym-
metric stretching at 3, 562 cm−1 (b) bending mode at 1, 595 cm−1 and (c) the asymmetric
stretching mode at 3, 756 cm−1.
4.3.2 Fourier Transform Spectrometer
The core element of a FTIR spectrometer is the Michelson interferometer. In most
of the cases, a classical two beam Michelson interferometer is used. As shown in
Fig. 4.4, the FTIR spectrometer consists of an IR light source, two perpendicular
plane mirrors, the beam splitter, and a detector.
The IR source is usually a globar, which is a silicon carbide rod. The globar is
electrically heated to temperatures in the range of 1, 000 to 1, 650 ◦C and shows
approximately a spectrum of a black body radiator. The detector is usually a
deuterated triglycine sulfate (DTGS) or mercury cadmium telluride (MCT) detector.
The DTGS detector, which is often used for standard requirements, consists of a
deuterium triglycine sulfate crystal and two electrodes enclosed in a temperature
resistive encapsulation for example an alkali halide window. The DTGS detector uses
the pyroelectric effect. The electromagnetic wave gets absorbed and the produced
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Figure 4.4: Sketch of a simple FTIR spectrometer. The spectrometer is based on a Michel-
son interferometer. The light gets divided into two parts where each beam takes a different
path. When the beams recombine interference occurs which is measured at the detector.
heat causes a change in the polarization of the crystal leading to a detectable electric
signal. The MCT detector on the other hand uses a mercury cadmium telluride
blend which acts as a direct bandgap semiconductor. Incoming infrared photons get
absorbed and produce electron hole pairs which again precipitates an electric signal.
The MCT detector needs to be cooled, in order to suppress thermal noise. This is
typically done by the usage of liquid nitrogen. The beam splitters for the mid- and
near-infrared spectroscopy are usually germanium or iron oxide coated potassium
bromide or cesium iodide glass prisms.
As shown in Fig. 4.4, the IR light emitted by the globar gets divided by the beam
splitter. One of the beams get reflected by a fixed mirror R1 positioned at a distance
of l to the beam splitter, while the other beam gets reflected at a second movable
mirror R2 which is at a distance of l + 1
2
∆x, where 1
2
∆x is the displacement of
the mirror. The two beams recombine at the beam splitter, interfere, and induce a
signal at the detector. Due to the fact that both beams travel twice the distance
from the beam splitter to the corresponding mirror and back, the optical path length
difference between the two beams is ∆x.
By measuring the intensity of the interfering beam over the displacement x of the
second mirror, all the spectroscopic information of the IR beam can be obtained.
This fact will be investigated in the following paragraphs. It is assumed that the
IR beam is monochromatic. This is of course not true when a continuous infrared
light source is used, but this fact will be correct later. In the monochromatic case
the wavenumber is a fixed value:
σ0 =
1
λ0
(cm−1). (4.3)
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The electric field at the position x and time t of the IR beam is given by:
E(σ0, x, t) = E · ei(2piσ0x−ωt). (4.4)
The electric fields of the two interfering beams at the detector, where one of them
has a relative shift of ∆x is given by:
Etot(σ0, x, t) = E1 · ei(2piσ0x−ωt) + E2 · ei(2piσ0(x+∆x)−ωt). (4.5)
The intensity of the two interfering beams is given by the square of the electric
field. Therefore, one gets the following equation:
I(σ0, x) ∝ Etot · E∗tot = E21 + E22 + 2 · E1 · E2 · cos(2piσ0∆x)
= I1 + I2 + 2 ·
√
I1 ·
√
I2 · cos(2piσ0∆x).
(4.6)
Assuming an ideal beam splitter, I1 and I2 are equal and equation 4.6 simplifies
to:
I(σ0, x) = 2 · I0(1 + cos(2piσ0∆x)). (4.7)
In case of a continuous light source, which is the case for the globar in the FTIR
spectrometer, one has to integrate over all wave numbers weighted by their spectral
intensity B(σ):
Itot(∆x) =
∫ ∞
0
2 ·B(σ)(1 + cos(2piσ0∆x))dσ
=
∫ ∞
0
2 ·B(σ)dσ +
∫ ∞
0
2 ·B(σ) cos(2piσ0∆x)dσ.
(4.8)
When the constant offset is neglected and the symmetry of cos(x) is used one
gets:
IR(∆x) =
∫ ∞
−∞
B(σ) cos(2piσ0∆x)dσ. (4.9)
Looking at Eq. 4.9, one can see that Itot(∆x) and B(σ) are actually Fourier pairs:
IR(∆x) =
∫ ∞
−∞
B(σ) cos(2piσ0∆x)dσ = F{B(σ)}
B(σ) =
∫ ∞
−∞
IR(∆x) cos(2piσ0∆x)d∆x = F−1{IR(∆x)}
(4.10)
The fact that Itot(∆x) and B(σ) are Fourier pairs makes it possible to gain
all spectral information which are given by B(σ) by the Fourier transformation
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of the signal intensity over the mirror displacement Itot(∆x). In Fig. 4.5(a) and
Fig. 4.5(b), the interferogram and the corresponding IR spectrum of N,N,N’,N’-
tetrakis(4-methoxyphenyl)benzidine (MeO-TPD) is shown. Due to the fact that
the mirror displacement is not infinite, the interferogram B(σ) is effectively multi-
plied by a boxcar function. This multiplication leads to the fact that the obtained
spectrum now consists out of a convolution of the correct spectrum and the Fourier
transform of the boxcar function. This effect has to be considered when FTIR data
is analyzed. One can weaken this effect by using a Gaussian shaped apodization
functions.
Figure 4.5: (a) Interferogram of an IR spectrum of a MeO-TPD thin film measured with
a Thermo Fisher Nicolet iS10 IR-Spectrometer. (b) The resulting IR spectrum of the
MeO-TPD thin film by applying the Fourier transformation to the interferogram.
FTIR spectroscopy has significant advantages. Due to the fact that all wave-
lengths are measured at the same time, one gains spectra in a shorter period of time.
This fact also comprises a second effect. Because the full spectrum is abundant at
the detector, a higher signal is received, compared to spectrometers measuring the
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spectrum via a monochromator. The signal to noise ratio per unit time is propor-
tional to the square root of the number of resolution elements being monitored, in
this case the intensity. Therefore, the signal to noise ratio is significantly increased.
This effect is also called Jacquinot’s advantage.
4.3.3 ATR Sampling Device
The IR spectrum of all analyzed samples in this thesis were obtained by using the
attenuated total reflection (ATR) technique. This technique will be elucidated in this
subsection. The advantage of this technique is that a complex sample preparation
is not necessary. The effect of internal reflection in infrared spectroscopy was first
reported in 1959. Total reflection at the interface between an optical thicker and
optical thinner medium takes place when the angle of incidence of the IR beam is
greater than the critical angle. The critical angle Ωcr is given by:
Ωcr = sin
−1(
n2
n1
), (4.11)
while n1 is the refractive index of the denser medium where reflection occurs, in
this case the ATR crystal. The refractive index of the adjacent medium is given
by n2. If the angle of incidence is lower then the critical angle, one will observe a
combination of ATR and external reflectance. This effect is not wanted and there-
fore one aims to minimize the critical angle and a high refractive index material is
preferred. During total reflection at the interface, the IR beam penetrates approx-
imately a fraction of a wavelength beyond the interface into the optically thinner
medium. In addition, a shift between incoming and reflected beam is found, which
is called Goos-Ha¨nchen effect [90]. These two effects are schematically depicted in
Fig. 4.6(b).
In Fig. 4.6(a) a schematic sketch of an ATR crystal and the path of the IR beam is
shown. The IR probe beam couples into and out of the ATR crystal at the inclinated
polished sides of the crystal. During penetration, the ATR beam suffers multiple
total reflections. The number of reflections depends on the angle of incidence and
the crystal length. To conduct a measurement, the sample is pressed against the
ATR crystal. In most of the cases, the intensity of the absorption depends on
the applied pressure. In order to gain reproducible conditions for every sample,
similar pressures are applied by a mounting head. While pressing the sample against
the ATR crystal, the evanescent wave penetrates into the sample and the specific
absorption characteristic of the sample attenuates the IR beam. The comparison of
the spectrum with and without the sample pressed against the ATR crystal gives
the absorption spectrum of the sample.
The evanescent wave which penetrates the adjacent medium, in this case the sam-
ple, shows an exponential decay in intensity with increasing penetration depth. Due
to the fact that the penetration depth is in the range of a few microns, the measured
52 4 Device Stress Setups and Analysis Methods
(a)
(b) (c)
Figure 4.6: (a) Schematic sketch of the course of the IR beam for an Attenuated total
reflection unit (reprinted from [91]). (b) Schematic sketch of the shift between incoming
and reflected beam, which is called Goos-Ha¨nchen effect (reprinted from [91]). (c) The
dependence of the penetration depth of the evanescent wave on the wavenumber is plot-
ted (reprinted from [91]).
spectrum is independent of the sample thickness. If the sample is a strong IR ab-
sorber, the sample might be too thick for a standard transmission measurement, due
to the fact that not enough light passes the sample in the absorption band region.
Due to the small penetration depth, the ATR technique enables also the analysis
of strongly absorbing and thick samples. A very important point is the fact that
the ATR technique is a surface sensitive technique, probing the sample properties
of the sample surface within a region of the first few microns. These properties are
important for several purposes during the course of this thesis. The usual thickness
of pin-OLEDs, which is the object of interest in this work, is in the range of several
hundred nanometer. Therefore, surface sensitive measurement techniques such as
secondary ion mass spectrometry, photoemission spectroscopy, or ATR spectroscopy
can be of high interest. In this thesis, the applicability of the ATR technique will
be elucidated.
The penetration depth of the IR beam is in this case defined by the distance
from the interface between ATR crystal and sample to the point in space were the
intensity of the evanescent wave decays by a factor of 1
e
. The penetration depth
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depends on the wavelength λ0 as well as the angle of incidence Θ of the incoming
IR beam. The dependence of the penetration depth on the wavelength is shown in
Fig 4.6(c). The typical penetration depth is in the range of 0.5 to 5µm and depends
on the used materials. Fu¨lleborn discusses the phenomenon of the penetration of an
attenuated beam in more detail [92]. The penetration depth dp can be determined
by:
dp =
λ0
2pi
√
n21 sin
2(Θ)− n22
. (4.12)
Comparing the ATR spectrum with transmission spectra, several things need to
be taken into account. Due to the fact that the depth of penetration is dependent
on the wavelength of the IR beam as shown in Eq. 4.12, the path length of the
probing beam inside the sample is longer for longer wavelength and therefore the
absorption is enhanced in the smaller wave number regime. The effect can be taken
into account and the ATR spectra can be corrected. In rare cases the refractive
index of the sample is too high, such that one observes a combination of ATR
and external reflectance result. In these cases one observes a baseline shifted and
asymmetric absorption bands. By increasing the angle of incidence of the IR beam
or choosing an ATR crystal material with a higher refractive index, it is possible to
correct these artifacts.
4.4 The MALDI-TOF-MS Measurement Setup
MALDI-TOF-MS stands for matrix assisted laser desorption/ionization time of flight
mass spectrometry. The explanations presented here are based on the following
textbooks [93–96]. Mass spectrometry is in contrast to methods such as nuclear
magnetic resonance or infrared spectroscopy a destructive method, even though the
amount of sample material needed for the analysis is in the low microgram regime.
This makes it a very important method when only small amounts of the sample
material are available. This is also the case for aged OLED material. Therefore,
LDI-TOF-MS seems to be a very reasonable method. In order to analyze the mass
to charge-ratio of the sample material, several basic steps need to be applied in all
types of mass spectrometers. The basic principle of mass spectrometry is depicted
in Fig. 4.7.
Figure 4.7: Schematic sketch of the basic principle of a mass spectrometer.
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First, parts of the sample material need to be desorbed and ionized. Then the
ions need to be separated in space by means of their difference in mass. Finally,
the separated ions need to be detected. Therefore, all mass spectrometers consist of
an ion source, a mass analyzer, and a detector. All three parts are operated under
vacuum conditions and will be introduced in the following subsections.
4.4.1 Laser Desorption/Ionization Technique
First, the sample material needs to be desorbed and ionized. The most common used
techniques to accomplish these goals are the laser desorption/ionization (LDI) and
the electrospray ionization (ESI) technique. In electrospray ionization, a spray of
highly charged droplets is generated by a small-diameter tip held at high potential.
Once injected, the droplets pass down a pressure gradient towards the mass char-
acterization tool. Within this subsection, the focus will be put on the first method
due to the fact that this method is most applicable for the analytic purposes of this
work.
Laser desorption/ionization was first used in mass spectrometry in the 1960s. One
has to distinguish between two types of LDI, one with and one without a matrix
material as light absorber. In the scope of the measurements conducted during this
work, an absorber is not necessary and would introduce additional processing steps.
Therefore, the LDI technique will be discussed in detail.
Figure 4.8: General scheme of the laser desorption/ionization technique (adapted
from [95]).
In both cases a solid sample layer gets irradiated by a laser beam. This irradiation
leads to rapid heating of the sample spot due to the accumulation of a large amount
of energy. The energy uptake caused by the absorbed laser light leads to ablation
and ionization of bulk portions of the sample material. The material first sublimes
and then expands into the gas phase and for a short time, a micro-plasma of ions
and neutral molecules is built. The charged ions get accelerated to the analyzer due
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to a static electric field applied between the sample and a capacitor plate. A sketch
of the LDI setup is depicted in Fig. 4.8.
The laser irradiation is a critical parameter for the LDI method. Different laser
types such as excimer, ultraviolet, or Q-switched lasers can be applied. In the scope
of this work, a nitrogen laser with a wavelength of 337 nm was used. A pulse of the
laser light is focused onto a small spot on the sample usually in the range of 0.05 to
0.2 mm2. The pulse duration depends on the laser type. IR lasers are used with a
pulse length of 6 − 200 ns while UV lasers are emitting pulses of 3 − 10 ns length.
The short pulse duration is important, in order to avoid thermal degradation of the
sample and to maintain a sudden ablation of material from the sample layer. The
shorter the ablation time, the more compact the initial ion pulse and therefore the
better the resolution in the subsequent time of flight measurement setup. The pulse
intensity usually varies in the range of 10 − 400 µJ. The adjustment of the laser
intensity is achieved by a beam attenuator or a set of optical filters.
The exact processes during LDI are not completely elucidated [97]. The ionization
reaction can occur anytime during the LDI process. There are multiple chemical
and physical ionization pathways which are likely to occur. One widely accepted ion
formation mechanism is the excited state proton transfer. For this mechanism one
assumes a proton transfer of a molecule to an adjacent molecule in the solid phase
prior to desorption and expansion in the gas phase of the sample material. Another
formation mechanism is the photoionization of the desorbed sample molecules in the
gas phase. Additional ionization processes are ion-molecule interaction reactions and
the desorption of preformed ions [95].
4.4.2 Time-of-Flight Analyzer
Due to the fact that the ion signals produced by the laser pulse are very short in
time, it is feasible to use simultaneous detection analyzers such as time-of-flight
(TOF) analyzers. Ideas for constructing a time-of-flight analyzer have been first
published in 1946 by Stephens [98]. The first commercial time-of-flight analyzer
was available in the mid-1950s and was designed as a gas chromatography mass
spectrometer. The TOF instruments have several advantages compared to magnetic
mass analyzers. First, the transmission of the TOF analyzer is very high which leads
to a high sensitivity. In addition each laser shot of the LDI setup leads to a complete
mass spectrum within less than a microsecond. Another advantage is the wide mass
detection range.
The idea of the time-of-flight analyzer is quite simple. Along a field free drift
path of known length, ions with different m
z
ratios are getting dispersed in space due
to their different velocities. The lighter ions will arrive earlier at the detector than
the heavier ones, assuming that all ions start at least within sufficiently short time
at the same place. This requirement can only be fulfilled with pulsed ion packages
which can be produced by the LDI technique. By measuring the time-of-flight one
gains the m
z
ratio.
56 4 Device Stress Setups and Analysis Methods
Figure 4.9: Overview of a time-of-fight analyzer. One can gain the mz ratio by measuring
the time the ion takes to fly a certain distance (adapted from [95]).
The time-of-flight analyzer consists of two parts, an acceleration region and a
field-free flight tube. A schematic sketch of the time-of-flight analyzer is depicted in
Fig. 4.9. First, the ions of the sample molecule need to be produced in a sufficiently
sharp pulse, for instance with help of the LDI technique. In the following, these ions
are accelerated towards the flight tube by an electric field. Once entering the flight
tube, they drift in a field-free region and separate according to their velocities. At
the end of the flight tube the ions get detected.
The electric potential energy Eel applied to the ions in the acceleration region is
identical for all ions:
Ek =
m · v2
2
= q · Vs = Eel. (4.13)
Due to the fact that this energy is converted into kinetic energy Ekin as shown in
Eq. 4.13, the ions with different m
z
ratios show different velocities:
v =
√
2qVs
m
. (4.14)
The difference in velocity leads to different arrival times of the ions at the detector.
Thereby the m
z
ratio of the ions can be reconstructed and a mass spectrum can be
obtained.
The LDI-TOF-MS measurements shown in this work are performed by a Bruker
Daltonics Autoflex tandem mass spectrometer. For the analysis of degradation
effects when using this technique and to achieve comparability between the LDI-
TOF-MS measurements, one has to take several aspects into account.
In order to gain a mass spectrum using the LDI-TOF-MS technique, multiple laser
shots can be applied to the same sample spot. It is important to desorb all of the
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organic material at the impact position of the laser to detect all of the present ma-
terial and to enable comparability between different measurements. Therefore, test
measurements with different numbers of shots have been conducted. The W2(hpp)4
peak intensity obtained by analyzing a 2 nm layer of W2(hpp)4 on gold dependent
on the total amount of shots applied at the sample spot with the laser is shown
in Fig. 4.10(a). One can see that after 12 laser shots, the signal intensity saturates.
This means that the organic material is completely desorbed. Including a safety
buffer, if not mentioned otherwise, all measurements published in this work were
conducted using 30 laser shots.
The second critical parameter is the laser intensity. In Fig. 4.10(b) the W2(hpp)4
peak intensity is plotted versus the applied laser intensity for measurements on a
2 nm layer of W2(hpp)4 on gold. Within an intensity range of 60 − 120 µJ a plateau
is observed. The drop in the W2(hpp)4 peak intensity for higher laser intensities can
be explained by the fracturing of the molecule due to laser induced photoexcitation.
To maximize the signal intensity and to avoid fracturing of the molecule, a laser
intensity of 120 µJ is used for all measurements published in this work, if it is not
mentioned otherwise.
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Figure 4.10: (a) Normalized signal of the W2(hpp)4 molecule plotted over the cumulative
number of shots. (b) Normalized signal intensity of the W2(hpp)4 molecule plotted over
the applied laser intensity in µJ during the LDI-TOF-MS measurement.
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Results and Discussion

Chapter
5
Degradation of Organic Materials
5.1 Infrared Measurements of Alq3 Degradation
The aim of this section is to show that infrared spectroscopy is a valid method to
investigate the degradation of single organic layers. In 1987 Tang and Van Sylke
reported an efficient OLED using tris(8-hydroxyquinoline)aluminum (Alq3) as emit-
ting material and electron-transport layer [18]. Metal quinolates became standard
electron luminescent materials for OLEDs and therefore Alq3, as a well known mem-
ber, widely studied. The nature of the excited electronic states which give rise to the
device emission [99–102] as well as the mechanism of charge transport of Alq3 films
in OLEDs [103] have been studied in numerous publications. Therefore, Alq3 as a
well studied molecule is a suitable candidate to be investigated by IR spectroscopy.
The first Alq3 based OLEDs suffered from device degradation due to numerous
causes. Most of the degradation phenomena have been related to cathode oxidation,
delamination of the electrodes, or electrochemical reactions at the electrode/organic
interface. Aziz et al. for example reports a humidity induced formation of crystalline
Alq3 structures from an originally amorphous Alq3 film, by AFM investigations [104].
This can lead to failures of an OLED due to cathode delamination. A more in depth
look into these and other degradation mechanisms is presented in subsection 2.3.1.
Nowadays, these problems have been eliminated by judicious choice of the electrode
metal as well as the enhancement in sealing techniques. In addition the purity of the
material and processing quality, meaning ultra-high vacuum conditions and lower
trace gas content during thermal evaporation of the OLED, was enhanced [105–
108]. Even though these methods enhance the lifetime and reduce the dark spot
formation [47, 109] and catastrophic failures [110], still a gradual decline in luminance
during electrical driving occurs with time, presumably due to chemical degradation
reactions [66, 111–114]. Intrinsic degradation still remains an open issue which will
be investigated in this section, even though several hypotheses have been already
proposed. Popovic et al. reported that the photoluminescence of Alq3 films decreases
under prolonged hole transport, leading to the conclusion that unstable Alq3 cations
might lead to OLED degradation [115].
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(a) (b)
Figure 5.1: (a) Picture of the ATR mount with the pressure crane. The sample is placed
upside down onto the active area of the ATR-crystal. (b) Close-up view of the ATR mount
after modification of the setup. One can clearly see the exposed position of the active area
of the ATR-crystal.
In the following, it is the aim to investigate the chemical degradation in more detail
by using infrared spectroscopy. The IR measurements in this section were conducted
by a customized Thermo Fisher Nicolet iS10 infrared spectrometer. More details on
the working principle of the infrared spectrometer can be found in section 4.3. First,
it will be investigated which conditions are necessary to gain a good IR spectrum
of the Alq3 films. Afterwards, the Alq3 films are exposed to air or UV irradiation.
The exposed Alq3 films will be further investigated with the help of the FTIR
spectrometer.
In order to figure out the best measurement conditions for the Alq3 films, multiple
types of Alq3 samples were produced. It was investigated if a gold layer underneath
the Alq3 film enhances the Alq3 signal quality. For this purpose, samples of Alq3
layers with and without gold layers were produced. Four different samples were
produced by thermal evaporation in the UHV cluster tool under high vacuum con-
ditions at base pressures around 10−8 mbar. The samples were produced on a glass
substrate. For the first sample, a 20 nm layer of Alq3 was vapor deposited directly
onto a glass substrate. The deposition rate was kept at 0.3As−1. For the other three
5.1 Infrared Measurements of Alq3 Degradation 63
samples, a gold layer was thermally evaporated from a tungsten boat onto the glass
substrate using evaporation rates of roughly 0.6As−1. The gold layer thickness was
varied with 5, 10, and 15 nm. Afterwards, a 20 nm layer of Alq3 was vapor deposited
on top of the gold layer for all three devices. The four devices were produced in a
short period of time in exactly the same manner to enable comparability.
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Figure 5.2: IR spectrum recorded between 600 and 4, 000 cm−1 of three different samples
containing a 20 nm thick Alq3 layer. The gold layer located underneath the 20 nm Alq3
layer was varied from sample to sample. 5, 10, and 15 nm thick gold layers were investi-
gated. The plot shows that the Alq3 fingerprint in the collected spectrum is independent
of the gold layer thickness.
In order to gain a spectrum of the thin films the film is flipped upside down and is
pressed against an ATR crystal. The size of the measurement spot is approximately
6 mm2 such that multiple measurements can be conducted on the 2.5 x 2.5 cm2 sized
Alq3 sample. Figure 5.1(a) shows the ATR setup of the iS10 infrared spectrometer
during the measurement of a sample. The sample is fixed between the ATR crystal
and the pressure crane. The pressure crane does apply the same pressure onto the
samples for each measurement. This is of high importance for reproducibility. In
order to enable a correct attachment of the sample onto the ATR surface, the active
area of the ATR crystal was positioned a little higher above the metal base. This
was achieved by shaping the base metal plate. The ATR setup without a sample is
depicted in Fig. 5.1(b). One can see the elevated position of the ATR crystal. More
information about ATR spectroscopy can be found in subsection 4.3.3.
Fig. 5.2 shows the obtained infrared spectra of the three freshly prepared samples
which have 5, 10, and 15 nm thick Gold layer. The spectra of the three samples
seem to be independent of the gold layer thickness. Therefore, one can conclude
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that the gold layer thickness does not influence the obtained Alq3 spectrum. Still,
one cannot conclude from Fig 5.2 that no gold absorption lines are present in the
measured spectra. To exclude this fact the Alq3 layer directly on the glass substrate
was measured as well. The obtained spectrum can be found in Fig. 5.3(a). One
can see a broad absorption peak of the glass substrate, with the Alq3 absorption
lines superimposed on the broad peak. In order to cancel out the unwanted glass
absorption, a spectrum of the glass substrate was taken. The spectra of the pure
glass substrate as well as the sample with a 20 nm thick Alq3 layer on glass is shown
in Fig. 5.3(a). Subtracting the glass background from the spectra of the Alq3 layer
on glass leads to the spectrum shown in Fig. 5.3(b). One can still see a deformation
of the base line showing a broad sinusoidal structure at 1, 100 cm−1. This artifact
is introduced by subtracting the glass background. It occurs due to the fact that
the absorption peak position of the glass does not perfectly match up for the two
measurements. Looking at Fig. 5.3(b) no differences between the measurement of
Alq3 on gold compared to the measurement of Alq3 on glass are found. This fact
assures that the gold layer does not influence the obtained Alq3 spectrum.
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Figure 5.3: (a) IR spectrum recorded between 600 and 4, 000 cm−1 of two samples. The
first sample is a plane glass substrate, the second a plane glass substrate with a 20 nm thick
Alq3 layer. For both samples a broad absorption peak at 1, 050 cm
−1 is found. The second
sample shows in addition the specific spectrum of the Alq3 molecule. (b) Comparison
between Alq3 spectrum obtained from a sample with a gold layer underneath a 20 nm
thick Alq3 layer to the Alq3 signal obtained by subtracting the glass background from the
spectrum of a sample with a 20 nm Alq3 layer directly on glass.
The following measurements will be conducted with Alq3 samples which have
a thin gold layer underneath the Alq3 layer. In order to investigate the chemical
degradation of Alq3, the Alq3 sample was exposed to ambient air for several month.
During this time several IR spectra were taken. The spectrum between 600 and
4, 000 cm−1 of the 20 nm thick Alq3 layer after exposure to air for 0, 8, 36, 66,
and 134 days is shown in Fig. 5.4. The air exposed sample reveals a new peak
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at 1, 686.2 cm−1. In addition one can see that the peak intensity increases with
exposure time. This supports the assumption that this absorption peak is related to
a degradation effect. Absorption bands in the region between 1630 and 1800 cm−1
are commonly produced by carbonyl groups.
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Figure 5.4: IR spectrum between 600 and 4000 cm−1 of a 20 nm thick Alq3 layer on 15 nm
gold exposed to air for 0, 8, 36, 66, and 134 days. A with air exposure increasing carbon-
oxygen stretching bond appears at 1, 686.2 cm−1.
Papadimitrakopoulos et al. assumed that the major local failure mode of Alq3
OLEDs is the reaction with H2O by liberating one 8-hydroxyquinline ligand and re-
acting to hydroxylated aluminum quinolate (Alq2OH) [68, 116, 117]. The 8-hydroxy-
quinline molecule might further react to an exciton quencher. Based on these find-
ings several groups carried out simulations to characterize the hydrolysis of Alq3
molecules. The infrared spectrum of Alq3 has been investigated by B3LYP based
on density functional theory (DFT) calculations by Kushto et al. [118]. Rosselli et
al. conducted theoretical calculations of the Gibbs free energy and molecular vibra-
tional properties for a variety of possible degradation products of the Alq3 molecule
and compared these to experimental findings [119]. Knox et al. carried out hybrid
density functional calculations to characterize the hydrolysis of Alq3 molecules [120].
Neutral and oxidized Alq3 reactions with H2O to Alq2OH have been investigated.
The activation energy for [Alq3]
+ was found to be 35 % lower than for Alq3, showing
that charge imbalances play a role in the chemical degradation. The degradation
products suggested by Rosselli et al. either involve the breaking of an Al-O bond
or a breaking of the phenoxide ring. In both cases carbonyl groups occur in these
degradation products [119]. The absorption peak at 1, 686.2 cm−1 might originate
from these carbonyl groups.
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As a second measurement an Alq3 sample was exposed to UV irradiation for
several days. During this time several IR spectra were taken. The Alq3 sample
was irradiation with UV light with the help of an OmniCure S2000 UV Arc Lamp
Spot System (EXFO Life Sciences & Industrial Division, Canada). The internal
UV filter applied during the irradiation process narrowed the spectral range of the
irradiated UV light to the range of 320 − 390 nm. The spectrum between 600 and
4, 000 cm−1 of the 20 nm thick Alq3 layer after exposure to UV light for 0, 48, 67,
92, and 110 hours is shown in Fig. 5.5. Also in this case, a new peak at 1, 685.2 cm−1
is found for the UV light exposed samples. The peak intensity increases with the
UV light exposure time. The UV light speed up the degradation process. The UV
light might support the breaking of the Al-O bonds or the phenoxide rings of the
Alq3 molecule which leads to a faster degradation.
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Figure 5.5: IR spectrum recorded between 600 and 4000 cm−1 of a 20 nm thick Alq3 layer
on 10 nm gold exposed for 0, 48, 67, 92, and 110 hours to UV light. One can clearly see the
appearance of a new peak at 1685.2 cm−1 which increases with exposure time. This peak
is very likely corresponding to a carbon-oxygen stretching bond of degradation products
of the Alq3 molecule.
5.2 UV Degradation of Thin
Dicyanovinyl-Substituted Sexithiophene films
Organic photovoltaic devices have the potential for large-area, low cost, solar energy
conversion. In addition they can be light weight and flexible [121]. Therefore, organic
solar cells (OSCs) have attracted considerable attention since the publication of a
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0.95 % power efficient organic photovoltaic cell by Tang et al. [122]. Compared to
inorganic semiconductor materials, organic solar cells (OSCs) are, however, subject
to faster degradation phenomena. The investigation of the degradation processes
of OSCs and neat organic thin films of their components gives important clues in
order to extend the operational lifetimes of OSCs. This is very important for real-life
applications.
The investigation of DCV6T-Bu4 degradation is covered in this section. Dicyano-
vinyl-substituted sexithiophene with four butyl-chains, first published in the context
of OSCs in 2010, is a promising organic small-molecule material which can be used as
part of the active blend layer [123]. Power conversion efficiencies (PCE) of 4.9 % have
been reached for OSCs with a DCV6T-Bu4:C60 active layer mixed heterojunction
(HJ) morphology. In order to gain a good heterojunction, substrate heating was
used [123]. A certified PCE of 6.07 % could be reached by a tandem OSCs based
on a combination of HJs of DCV6T-Bu4:C60 and a fluorinated zinc phtalocyanine
derivative with C60 (F4-ZnPc):C60 [124].
DCV6T-Bu4 has been investigated by several groups for properties other than
degradation. The optical and electrical properties were investigated as well as atomic
force microscopy (AFM) studies of the as-prepared neat DCV6T-Bu4 films were
performed by Levichkova et al. [125]. Levin et al. investigated the structural char-
acteristics of DCV6T-Bu4 films by X-ray diffraction (XRD) and X-ray reflectivity
(XRR) measurements [126].
Organic solar cells are exposed to multiple influence factors during the usage in the
outdoor environment. Air exposure as well as UV irradiation of the sunlight are im-
portant factors for OLED degradation. As shown in prior publications DCV6T-Bu4
films can be handled in air without any degradation effects or changes in morphol-
ogy [126]. Therefore, the focus, in the following, will be put on the impact of UV
irradiation on the DCV6T-Bu4 molecule.
The DCV6T-Bu4 layer used for the investigation in this section was produced
by thermal evaporation under high vacuum conditions (base pressure 1·10−8 mbar)
in the UHV cluster tool, as explained in detail in section 3.2. As substrate an
iron LDI-TOF-MS target was used. During thermal evaporation the evaporation
rate is kept at 0.3As−1. The nominal thickness of deposited DCV6T-Bu4 layers
was 30 nm. The LDI-TOF-MS target was cleaned in acetone and ethanol in an
ultrasonic bath. After the cleaning process, the iron substrate was dried under a
stream of nitrogen in order to avoid contamination with alkalines from the remaining
solvent. This procedure has also been used by Scholz et al. [127]. The substrate
temperature during deposition was kept at 30 ◦C. This fact is important, because the
substrate temperature has an influence on the layer morphology [123]. The substrate
temperature was measured using a thermocouple connected with conductive silver
directly to the top of the sample surface. After preparation the sample was stored
in nitrogen atmosphere in a dark environment at room temperature.
The irradiation of the DCV6T-Bu4 film with UV light was carried out with the
help of an OmniCure S2000 UV Arc Lamp Spot System (EXFO Life Sciences &
68 5 Degradation of Organic Materials
Industrial Division, Canada). The internal UV filter applied during the irradiation
process narrowed the spectral range of the irradiated UV light to the range of 320 −
390 nm. The samples with the DCV6T-Bu4 films were placed into a sample holder
located in a light sealed irradiation box, which prevents unintended light exposure.
The arc lamp irradiation is guided by a fiber optic cable and focused in a fixed setup
inside of the irradiation box onto the DCV6T-Bu4 film. The spectral range of 320 −
390 nm coincides with an absorption peak of DCV6T-Bu4 at 367 nm, which is located
in the broad low-wavelength shoulder of the DCV6T-Bu4 absorbance spectrum.
The DCV6T-Bu4 absorbance spectrum is shown in the publication of Levichkova et
al. [125]. In order to compare the stress applied by the UV irradiation, the irradiation
intensity was set to a fixed vale. This was done by using the OmniCure UV Cure
Site Radiometer R2000 (Lumen Dynamics Group Inc., Canada). The Radiometer
head was placed exactly at the position where the DCV6T-Bu4 films are placed in
the irradiation setup. Thereby the surface power density of the UV irrational can
be measured. The radiance intensity was adjusted by a shutter. The surface power
density is set to 7 mA
cm2
for all exposure experiments. The irradiation with ultraviolet
light was applied to the DCV6T-Bu4 sample for an accumulated amount of 230 and
520 minutes.
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Figure 5.6: Mass spectra of the DCV6T-Bu4 film obtained by applying different laser in-
tensities of 42, 45, 48, 51, and 54 µJ/pulse. The stepwise increase of laser intensity enhances
comparability between the measurements.(a) Plot of mass spectra of the as-prepared
DCV6T-Bu4 film. (b) Plot of mass spectra of a DCV6T-Bu4 film which was exposed
for 230 min to UV irradiation.
After each exposure step the sample was analyzed by the LDI-TOF-MS technique.
The Bruker Daltonics Biflex IV a LDI-TOF mass spectrometer was used. The
measurement method is further elucidated in section 4.4. In total 90 pulses were
applied for a single spectrum. 30 pulses each at three different sample spots were
averaged to gain a single mass spectrum. Different laser intensities were applied to
desorb the DCV6T-Bu4 film as a first step of the measurement, see also section 4.4
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for further information. The different laser intensity enhances the comparability
between the measurements. The fact that fracturing of the molecules can also be
induced by laser irradiation has to be analyzed in more depth. Laser intensities of
42, 45, 48, 51, and 54µJ/pulse were applied to the sample.
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Figure 5.7: Mass spectra of the DCV6T-Bu4 film aged for 520 min by UV irradiation. The
m/z values of the degradation product peaks are shown.
Figure 5.6(a), Figure 5.6(b) and Figure 5.7 show the LDI-TOF-MS spectra of the
DCV6T-Bu4 film collected as-prepared (Fig. 5.6(a)) and after exposure of 230 minutes
(Fig. 5.6(b)), as well as 520 minutes (Fig. 5.7) to UV light, respectively. The LDI-
TOF-MS spectra collected at different laser intensities of the as-prepared sample
exhibit a mass peak at 870.2 amu. The peak can be attributed to the DCV6T-
Bu4 molecule. For all five laser intensities no additional peak due to impurities or
degradation reactions was found. This also shows that the handling of the DCV6T-
Bu4 sample in air does not lead to degradation reactions, as published by Levin et
al. [126]. In addition one can see that the DCV6T-Bu4 signal increases in inten-
sity with higher values of the laser intensity. After exposure of 230 minutes of the
DCV6T-Bu4 film to UV light with a surface power density of 7
mA
cm2
, no degradation
products were found, indicating that the degradation reaction is slow. After an ac-
cumulated 520 minutes of UV irradiation fragments were found. The mass spectra
obtained with a laser intensity of 51 and 54 µJ/pulse as depicted in Fig. 5.7 shows
three additional peaks, while the spectra obtained with the lower laser intensity
of 42, 45, and, 48 µJ/pulse does not show any peaks beside the DCV6T-Bu4 sig-
nal. The three peaks shown in Fig. 5.7 have their intensity maximum at 187.6 amu,
380.6 amu, and 462.6 amu, respectively. During UV irradiation carbon bonds scis-
sion and therefore fracturing of the DCV6T-Bu4 molecule can occur. All three peaks
can be assigned to fragments of the DCV6T-Bu4 molecule.
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Figure 5.8: Sketch of the chemical structures of DCV6T-Bu4 molecule (I) and one possible
isomer structure for each of the molecule fragments related to the m/z signal at 188 amu
(II), 462 amu (III), and 380 amu (IV).
Figure 5.8 shows the chemical structure of the DCV6T-Bu4 molecule and possible
isomers of DCV6T-Bu4 fragments related to the signals after UV light degradation
observed at 187.6 amu, 380.6 amu, and 462.6 amu. In addition in Fig. 5.7 a m/z
peak at 886.1 amu is found. This peak can be attributed to [DCV6T-Bu4 + O]
+.
This indicates that the DCV6T-Bu4 molecule reacts with oxygen molecules from
the ambient air when catalyzed by UV light irradiation. An identical DCV6T-Bu4
sample which was not exposed to UV light but to air for more than 1,000 hours
was also analyzed by the LDI-TOF-MS technique. Since no reaction between the
DCV6T-Bu4 molecule and the oxygen molecule could be detected, one can conclude
that the oxidation reaction only takes place during UV light irradiation.
5.3 Degradation of Di-tungsten Tetra(hpp)
Doping is a very important technique to enhance transport in organic devices and
thereby important for improving the performance of organic light emitting diodes
and solar cells. In addition, doping enables precise control of the functional organic
devices, like organic field effect transistors (OFETs), by reducing the contact resis-
tance at source and drain [128]. There is a high interest in processing and patterning
doped transport layers.
Due to their low ionization potential, highly efficient molecular n-dopants are air-
unstable [129]. This leads to strong requirements on the processing conditions and
poses a great challenge. Patterning processes such as photolithography require in
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their standard procedure air exposure of the sample [130]. The use of patterning
techniques operated directly under inert atmosphere for the purpose of processing
doped organic semiconductors, such as co-ink-jet printing has been reported only
rarely. The reasons might be reproducibility and reliability issues concerning the
fabrication of the doped structures as well as the challenge of the precise control of
the doping ratio which can be below 1 %. Shadow mask patterning, a method which
is conducted in vacuum, has the drawback that the feature size is typically limited to
several 10µm, if expensive alignment is avoided. Hence, OFETs can only be struc-
tured with great effort and processed without being exposed to inert atmosphere,
which limits the use of molecular n-dopants for novel device architectures [130].
To prevent these effects, air-stable precursor molecules have been proposed which
release the n-dopant compound once they are in a blend with the matrix mate-
rial [131, 132]. Wei et al. showed that [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) n-doped with 1H-benzoimidazole derivatives can be used for air stable
thin film transistors [133]. Still, for low doping concentrations, the n-doping of the
air stable thin films is less efficient compared to air-unstable dopants [134, 135]. As
an additional effect, reaction products of the precursor molecules within the thin
film might influence the charge transport especially at high doping concentrations.
In addition there are novel device concepts which directly require additional air
exposure steps during fabrication. For example, the intended air exposure of the
aluminum interlayer which is the base contact of a vertical organic transistor is
necessary to enable its functionality [136]. The n-dopant degradation due to the air
exposure during the processing prevents efficient bidirectional operation.
In this section, the highly efficient di-metal complex tetrakis(1,3,4,6,7,8-hexahydro-
2H-pyrimido[1,2-a]pyrimidinato)ditungsten(II) (W2(hpp)4) doped into the C60 ful-
lerene will be discussed and investigated. Even though W2(hpp)4 as pure powder
is not suitable for the usage in air due to fast degradation [129], the W2(hpp)4:C60
blend shows a self-passivation effect which is not fully understood. It reduces the
degradation of the air-unstable W2(hpp)4. In addition, the vacuum annealing of
the W2(hpp)4:C60 blend after air exposure leads to a nearly full restoration of its
conductivity. This effect is quite pronounced so that it enables the handling of these
doped organic thin film blends in ambient air for a short period of time without sig-
nificant degradation effects, making the usage of highly efficient molecular n-doped
thin film in functional organic devices possible and allowing the scientific commu-
nity to advance in enhanced design concepts. The correct usage and therefore the
understanding of this passivation effect is of high interest.
Tietze et al. used Seebeck and ultraviolet photoemission spectroscopy (UPS) mea-
surements to show that after exposure of the doped film to air, the Fermi level only
weakly shifts away from the conductive states [137]. This supports the assumption
that there are still some intact W2(hpp)4 molecules left after air exposure which
can contribute to n-doping. In addition the degradation of W2(hpp)4:C60 blends
were investigated by X-ray photoemission spectroscopy (XPS), which revealed an
immediate and a slow degradation component.
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In order to understand this passivation effect, the air stability of the W2(hpp)4
molecule deposited on different substrates was investigated by the LDI-TOF-MS
technique. Four different sample types were produced by thermal evaporation under
high vacuum conditions (base pressure 1·10−8 mbar) in the UHV cluster tool. All
samples were produced on a glass substrate. Samples with 1 and 2 nm layers of
W2(hpp)4 each were deposited on a 20 nm gold or on a 50 nm C60 sub-layer. In
order to achieve 1 and 2 nm thin W2(hpp)4 films the deposition rate is kept below
0.4As−1. The W2(hpp)4 was purchased from Novaled AG and the C60 fullerene from
CreaPhys GmbH. The two materials were of sublimated purity grade.
The laser intensity is set to 120 µJ/pulse such that there is sufficient signal but
no fracturing of the molecules due to photo-excitation. 60 pulses were applied to
one sample spot and summed up to a single mass spectrum. Different laser spot
positions for the same sample were compared to ensure reproducibility. Due to
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Figure 5.9: (a) LDI-TOF-MS spectrum between 0 and 1, 000 amu of a degraded 2 nm
W2(hpp)4 film on gold. The sample was exposed to ambient air for 3 minutes. (b) Left
side: energy levels and chemical structures of the host material C60 and the n-dopant
W2(hpp)4 Right side: Sketch of the energy level alignment after the doping process of
the n-dopant W2(hpp)4 to the host material C60. It is assumed that the energy level
alignment supports the dopant passivation and hinders oxidation due to charge transfer
accompanied by a down-shift of the dopant energy levels.
the fact that the inlet of the Bruker Daltonics Autoflex mass spectrometer is not
connected to the UHV cluster tool, with which the W2(hpp)4 samples were produced,
the samples cannot be measured without an short exposure to air. An exposure of
approximately 50 s is necessary to transfer the samples into the mass spectrometer.
Nonetheless, the degradation effects of air exposure times above 1 minute can be
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reliably investigated with this setup. In Fig. 5.9(a) the mass spectrum of a LDI-
TOF-MS measurement of a 2 nm W2(hpp)4 layer on gold exposed for 3 minutes to
ambient air is shown. Several degradation products can be identified. Besides the
non-degraded W2(hpp)4 molecules with a m/z ratio of 921.8 amu, a strong peak
of the hexahydropyrimidopyrimidine ligand (hpp) at 139.7 amu and a small peak
of di-tungsten (W2) at 377.4 amu was found. In addition the peaks for [hpp + O]
(156.0 amu), [W(hpp)2 + O] (478.1 amu), and W(hpp)3 (598.9 amu) are visible in
the spectrum. Therefore, one can conclude that as a first degradation process, the
n-dopant molecule degrades by the cleavage of the W-N and W-W bonds. As a next
reaction step, the degradation fragments can further react with oxygen, which is in
accordance to the XPS results of Tietze et al. [137]. Although [hpp + O] fragments
were found, surprisingly no tungsten oxide WOx is present in the LDI-TOF-MS
spectra. One reason for this might be that the LDI-TOF-MS measurements have
been conducted in positive mode therefore only positively charged ions get detected.
Further it can be noted that the hexahydropyrimidopyrimidine (hpp) compound
seems to be stable and does not decompose to smaller molecular fragments. No
major difference was found between the four samples concerning the degradation
products and their relative peak intensities.
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Figure 5.10: Decay of the W2(hpp)4 signal versus cumulative air exposure time measured
by LDI-TOF-MS on 1 and 2 nm W2(hpp)4 evaporated either on gold or a C60 inter-layer.
The intensity is normalized to the initial W2(hpp)4 peak. The measured data is fitted by
an exponential function (red lines) with the decay constants Te.
In the following, the dependence of W2(hpp)4 degradation on the air exposure
time will be investigated. Therefore, the four samples, which consist of a 1 and 2 nm
layer of W2(hpp)4 on a 20 nm gold or on a 50 nm C60 layer, were stepwise exposed to
ambient air. After each exposure step of a total of 50, 170, 310, and 550 seconds, the
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samples were analyzed by the LDI-TOF mass spectrometer. Due to the fact that
during the measurement vacuum is applied to the sample, no exposure to oxygen
or water is occurring, such that the measurements can be conducted without time
limitations. In Fig. 5.10 the W2(hpp)4 signal intensity measured by LDI-TOF-MS
over the cumulative air exposure time is plotted for all four samples. The signal
intensity is normalized to the W2(hpp)4 signal intensity of the first measurement
conducted after 50 seconds of air exposure. One finds that the decay of the W2(hpp)4
molecule is independent of the W2(hpp)4 layer thickness. In addition there seems to
be no difference between gold and C60 as underlying layer. The logarithmic scaled
plot of the signal decay of the intact W2(hpp)4 molecule in Fig. 5.10 was fitted by
using a normal exponential decay which is given by:
IW2(hpp)4(t) = IW2(hpp)4(0) · exp(−
t
Te
). (5.1)
One gains a mean lifetime Te of approximately 13.5 minutes. In Fig. 5.11 the
increase of the signal intensity of the corresponding [W(hpp)2 + O] degradation
fragment is plotted against the air exposure time. One can nicely see that while
the W2(hpp)4 peak exponentially decreases, the signal intensity of the degradation
product [W(hpp)2 + O] increases. The corresponding reaction equation can be
written as:
W2(hpp)4 +O2 → 2 · [W (hpp)2 +O]. (5.2)
Fig. 5.11 shows that the [W(hpp)2 + O] signal intensity asymptotically approaches
the total amount of the degradation product, due to the fact that there is only fixed
amount of W2(hpp)4 on the educt side of the degradation reaction. In order to gain
information about the reaction speed leading to the degradation product [W(hpp)2
+ O], the data points of Fig. 5.11 were fitted by:
I[W (hpp)2+O](t) = I[W (hpp)2+O](t→∞) · [1− exp(−
t
Tg
)]. (5.3)
The fit yields a mean growth time of Tg of 11.2 minutes, which is in good agree-
ment with the fitted mean lifetime of the W2(hpp)4 molecule with 13.5 minutes.
However, several other degradation fragments were found, like W(hpp)3 and [hpp
+ O]. Rherefore W2(hpp)4 has multiple degradation reaction channels. This means
both reaction constants do not necessarily need to be equal. In addition some re-
actions products are likely to be produced in multiple reaction steps leading to
different reaction time constants. Since the two time constants are quite similar one
can argue that other W2(hpp)4 reaction paths cannot be as pronounced otherwise
Tg which correlated with the reaction product [W(hpp)2 + O] should be significantly
lower than the exponential decay time Te of the W2(hpp)4 molecule.
However, a more comprehensive and quantitative analysis of the W2(hpp)4 degra-
dation is not possible with the presented measurements, due to the fact that the
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effective cross section of the degradation products for the LDI-TOF-MS measure-
ment are not known. Therefore, signal intensities of the degradation products cannot
be correlated with their concentrations.
Figure 5.11: Increase of the corresponding [W(hpp)2 + O] degradation fragment over
time. The measured data is fitted by an exponential function (red lines) with the growth
constants Tg.
By extrapolating the fitted curve of Fig. 5.11 to the cross section of the curve
with the y-axis, it can be seen that approximately 49 % of the degradation product
of [W(hpp)2 + O] is already present at t ≈ 0. It is very unlikely that such a
high percentage of the degradation product is already present in the fresh prepared
sample. Therefore, it is likely that there is a second very quick degradation of the
dopant to the [W(hpp)2 + O] molecule. It can be assumed that this reaction is
taking place within the first minute. This fast degradation could not be resolved
due to the fact it was not possible to gain a mass spectrum of the analyzed films
without an air exposure of less than 50 seconds, as mentioned in the beginning of
this section.
The findings of the LDI-TOF-MS measurements fit very well with the findings
of Tietze et al. [137]. Conductivity measurements were carried out by Tietze et
al. analyzing a 30 nm thick doped layer of C60 and W2(hpp)4 at a molar ratio of
4 wt% (MR = 0.033). During the first minutes of air exposure, a rapid drop of
conductivity by five orders of magnitude from σ = 1.7·10−5 S
cm
to σ = 1.88 S
cm
was
measured. In the following, a slower continuous decrease of the conductivity was
observed. Therefore, conductivity measurements strongly support the qualitative
results obtained from the LDI-TOF-MS measurements.
The LDI-TOF-MS measurements as well as the conductivity measurements show
the existence of a fast and a slow degradation component of the W2(hpp)4 degrada-
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tion. In the following, the physical reasons for these findings will be discussed. To
shade light into this effect, the energy levels of W2(hpp)4 and C60 will be investi-
gated. In Fig. 5.9(b)(left) the energy levels of pure C60 and the n-dopant W2(hpp)4
are shown with respect to the vacuum levels Evac prior to contact. On the right
the proposed final level alignment, where the two material are in contact, is in-
dicated. For the intrinsic material, the occupation probabilities of the respective
energy levels are defined by individual electro-chemical potentials. The doping pro-
cess of W2(hpp)4 in C60 leads to an electron-transfer from the dopant to the host
molecules and thereby to a change of the occupation of the lowest unoccupied molec-
ular orbitals (LUMOs) of the C60 molecules as well as the highest occupied molecular
orbitals (HOMOs) of the dopant molecule. On the right side of Fig. 5.9(b) the en-
ergy level alignment of the two molecules are schematically depicted. It is assumed
that a charge transfer is accompanied by a downshift of the energy levels of the
W2(hpp)4 molecule with respect to the C60 vacuum-level. When the HOMO level
of the dopant falls below the LUMO of the C60 molecule, an electron back trans-
fer is now preferable. An equilibrium will be reached and an effective Fermi level
alignment as depicted in Fig. 5.9(b)(right) will be the result.
If the described effect of the downshift of the ionization potential of the W2(hpp)4
molecule in C60 due to Fermi level alignment is high enough, it might explain the
protection of W2(hpp)4 against degradation in air. Still, it has to be taken into
account that, in order to effectively protect the n-dopant against degradation, an
increase of the ionization potential by more than 1.5 eV is necessary to overcome
the oxidation potential of oxygen [138]. Energy-level shifts for tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) compounds of up to 2 eV upon ionization
have already been published. This shows that high energy level shifts are possi-
ble [139].
The existence of a fast and a slow degradation component of the W2(hpp)4 degra-
dation, as shown in this section, can be explained by the protection from oxidation
of the dopant molecules which are involved in a charge transfer. The W2(hpp)4
molecules which are not involved in a charge transfer do degrade instantaneously
after air exposure, while the other dopant molecules are protected. Since the charge
transfer is a statistical process, the remaining dopant molecules are further slowly
degrading with an exponential decay rate.
5.4 Degradation of C60
C60 is used as electron acceptor material in organic solar cells. The skeletal formula
of the fullerene molecule C60 is depicted in Fig. 5.12(c). With 8 − 14 nm, it has
a relatively long exciton diffusion length as reported by Pettersson et al. [140]. In
addition C60 has a large triplet energy. These characteristics make this molecule a
frequently used material in organic solar cells. When used in real world applications
the organic solar cells will be subjected to a variety of uncontrollable influences such
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as humidity, UV irradiation, and strain. Therefore, the investigation of possible
degradation mechanisms of C60 induced by these external factors is of great interest.
In this section, the influence of solar radiation, humidity, and oxygen on C60 films
will be investigated.
Three samples containing a 30 nm C60 film were thermally evaporated on a glass
substrate with a 50 nm thin gold layer. A sketch of the cross-section illustrating the
layer sequence of the C60 samples are shown in Fig. 5.12(a). The gold layer ensures
the electrical contact of the C60 layer for the laser desorption measurements. The
samples were exposed to different types of stress. Fig. 5.12(b) shows the sample after
production. The yellow area on the glass substrate corresponds to the gold layer,
while the darker pigmentation within this area is caused by the C60 layer. Before
and after the exposure, the films were analyzed by the laser desorption/ionization
time of flight mass spectrometry.
(a) (b) (c)
Figure 5.12: (a) Sketch of the layer sequence of the C60 samples (b) fully prepared C60
sample (c) skeletal formula of Buckminsterfullerene C60
In order to expose the samples to dry and humid air, climate boxes were used.
These boxes enable samples to be aged under controlled conditions. The climate
setup is shown in Fig. 5.13(b). The outer structure of the climate boxes is given
by a styrofoam box, which ensures spatial separation and thermal isolation. In this
box the climate boxes as well as a heater, a cooling element, and a fan is located.
The temperature is adjusted by a closed loop control. The climate boxes are plastic
containers which can be filled with different salt solutions or silica gel and contain
a mount for the samples. Due to the fact that the temperature outside and inside
the plastic containers is identical, no condensation takes place at the walls of the
plastic container.
Sample 1 was exposed to dry air at 30 ◦C in a dark environment. This was achieved
by placing the sample into a climate box which was filled with silica gel. Thereby
the silica gel ensures that the relative humidity is below 5 %. Sample 2 was exposed
to over 90 % humidity at 30 ◦C in a dark environment. This sample was placed in
a climate box containing deionized water. The sample was mounted close to the
water surface. This ensured that it was surrounded by air with a high humidity
level. The climate boxes were designed and constructed by Martin Hermenau, Sven
Kunze, and Hannes Klumbies.
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(a) (b)
Figure 5.13: (a) Sun simulator SOL 1200 (Ho¨nle AG, Germany) (b) climate boxes posi-
tioned inside a styrofoam box to expose samples to a preset humidity and temperature.
Due to the fact that only the impact area of the laser spot on the sample surface
and the area in its close vicinity gets destroyed during the LDI-TOF-MS measure-
ment, which is approximately 0.2 mm2, the majority of the sample surface remains
unaffected. Therefore, sufficiently non-harmed area is left for further investigations.
This leads to the fact that the samples can be reused and multiple measurements
with different exposure times of the sample can be conducted.
Due to the fact that multiple measurement are possible, Sample 1 and Sample 2
were analyzed by laser desorption/ionization time of flight mass spectrometry direct
after sample preparation as well as after 38 and 340 hours of exposure under the
mentioned conditions. The measurements prior to exposure are used as reference
measurements to distinguish between unwanted effects induced by side effects. The
photochemical reactions by the laser irradiation of the LDI-TOF-MS measurement
setup, the preexisting material impurities and bad sample handling can be sources
of measurement errors. Reference measurements prevent these effects. In addition
LDI-TOF-MS measurements at two different points in time were conducted in order
to detect a time dependence. The samples were measured on one sample holder
during the same measurement cycle such that differences between measurements
are minimized.
Sample 3 was exposed to light under ambient air conditions for 141 hours. This
was achieved by mounting the sample into a sun simulator. For this purpose the
SOL 1200 sun simulator by the company Ho¨nle AG was used. The SOL 1200
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Figure 5.14: Mass spectra of aged and unaged C60 samples recorded between 650 amu and
745 amu. Multiple reaction products such as C58, C58O, and C60O at 677 amu, 713 amu,
and 737 amu are depicted.
sun simulator irradiates an area of 40 × 30 cm2 by a metal halide lamp with a set
intensity of 100 mW
cm2
. This value was calibrated with a silicon reference solar cell from
the Fraunhofer Institute for Solar Energy Systems. Also Sample 3 was analyzed by
the LDI-TOF-MS technique before and after the light exposure. The sun simulator
is shown in Fig. 5.13(a).
In Fig. 5.14 and Fig. 5.15 the mass spectra of the aged and unaged samples are
shown. The shown mass spectra were taken using a laser intensity of 111 µJ. The
signal intensity for a fixed laser intensity does slightly vary from sample to sample
due to production based differences in the thickness of the C60 layer and fluctuations
in the vacuum quality in the LDI-TOF-MS setup. In order to compensate this effect,
the signal intensities of all spectra were normalized by its C60 peak. Therefore, the
intensity of the signal of any degradation product is given in relation to the C60
peak and therefore given in relation to roughly the present amount of C60.
Analyzing the exposed samples one finds similar degradation products. One group
of products are broken cage molecules which are missing two or multiples of two
carbon molecules. The C54, C56, and C58 molecules with a m/z ratio of 648.8,
672.8, and 676.7 amu respectively can be seen in Fig. 5.14. The mass spectra of the
stressed C60 samples indicate that the fullerene cage gets substantially fragmented
and that this reaction does not dependent on the humidity level as well as the
sunlight irradiation.
These degradation products as well as the C60 can further react with oxygen
to C56O C58O and C60O. The reaction products C58O and C60O at 712 amu and
737.4 amu are depicted in Fig. 5.14 as well. Vassallo et al. analyzed the thermal
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stability of C60 [141]. They found that C60 when heated above 350
◦C develops vi-
brational bands in the 1, 850 − 1, 750 cm−1 region which corresponds to oxidized
carbons and can be assigned to cyclic and phthalic anhydrides. In addition they
found lactone components. Theoretical investigations on oxygen and water interac-
tions with the C60 molecule have been conducted by Tsetseris et al. [142]. Tsetseris
used density functional theory to describe the energetics of oxygen adsorption on
C60 molecules and the atomic-scale details of oxygen and water insertion in C60
crystals. Their calculations give rise to various distinct configurations of C60 with
oxygen such as the intercalation of oxygen as vicinal [6,5] bridge in the fullerene
cage or the reaction to a carbonyl group. The reaction products can account for the
creation of deep or shallow carrier traps in C60 films.
Figure 5.15: Mass spectra of the aged and unaged C60 samples recorded between 1225 amu
and 1475 amu. The peaks of the dimerization products of the C60 samples are shown.
The dimerization products of C58 and other broken cage molecules are also present
in the aged C60 samples. In Fig. 5.15 the dimer-molecule peaks of C110, C112, C114 and
C116 corresponding to 1322.1, 1346.1, 1370.2, and 1394.5 amu are shown. Comparing
the intensities of the dimer peaks of Sample 1, Sample 2, and Sample 3 with each
other, one finds that Sample 3 shows significant less signal intensity compared to
the other samples, indicating a lower concentration of dimers in the C60 layer. The
cause for this effect is not yet understood. Beck et al. report the formation of
C119 by heating a pure C60O film above 650
◦C [143]. They analyzed the sample
using the LDI-TOF-MS method. In order to understand the dimerization of C60
molecules, the stability of various dimer configurations has to be analyzed. Menon
et al. investigated the stability of C60 dimer configurations using generalized tight-
binding molecular dynamics [144]. Menon et al. showed that the linkage between
C60 monomer units to a dimer is most likely created by parallel double bonds.
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Figure 5.16: (a) Signal intensity of the C58 peak of Sample 1 and Sample 2 at different
exposure times plotted over the applied laser intensity. (b) Signal intensity of the C58
peak over the applied laser intensity for all exposed samples.
The peak intensity of the molecules in the mass spectrum significantly depends
on the irradiated laser intensity during the LDI-TOF-MS measurement. In order
to take this effect into account and enable comparability between the samples, the
peak intensity is plotted over the applied laser intensity. In Fig. 5.16(a) the C58
peak intensity of Sample 1 and Sample 2 at different exposure times is plotted over
the applied laser intensity. One can see an increase of the C58 peak intensity with
increasing air exposure time. This finding holds for both the exposure to dry as well
as the exposure to humid air. In addition the sample exposed to humid air shows
similar C58 peak intensities than the sample exposed to dry air. This indicates
that there is no major impact of the humidity value of the air to the formation
of C58. Fig. 5.16(b) shows the C58 peak intensity of Sample 3 which was exposed
for 141 hours to 100 mW
cm2
irradiation by metal halide lamps. Also for the non-light
exposed sample, one finds similar C58 peak intensities. During the light exposure,
Sample 3 was exposed to ambient air as well. On the other hand, Sample 1 and
Sample 2 were unavoidably exposed to ambient light for approximately 20 minutes
during sample production and sample handling as well. Since Sample 3 shows similar
C58 peak intensities to the air exposed samples, two possible interpretations can be
made. Either the light exposure of Sample 1 and Sample 2 is negligible and the
similarities in C58 peak intensity indicate that the light has no major impact on
the formation of C58 or one assumes that the short light exposure of Sample 1 and
Sample 2 is sufficient to alter the C60 layer and also minor light exposure leads to
C58 formation.
In Fig. 5.17(a) the C58O peak intensity of Sample 1 and Sample 2 at different
exposure times is plotted over the applied laser intensity. Investigating the graphs of
Fig. 5.16(a) one finds that the same conclusions, which hold for the C58 molecule, can
also be drawn for the C58O molecule. One finds an increase in C58O concentration
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Figure 5.17: (a) C58O peak intensity of Sample 1 and Sample 2 at different air exposure
durations plotted over the applied laser intensity. (b) C58O peak intensity plotted over
the applied laser intensity for sun and air exposed samples.
with increasing air exposure, independent of the humidity level. Matsushima et al.
found shallow and deep electron traps at 0.22−0.23 eV and 0.37−0.42 eV below the
lowest unoccupied molecular orbit of the C60 molecule [145]. They found that these
shallow electron traps originate from O2 and H2O molecules absorbed in the C60
film. Even though Taylor et al. found that C60 is ultraviolet-sensitive, the sample
exposed to metal halide lamp irradiation shows similar C58O peak intensities than
the air exposed samples [146]. This can be concluded from Fig. 5.17(b).
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Figure 5.18: Signal intensity of the C112 peak over the applied laser intensity.
Having a look at Fig. 5.18, one finds that the amount of formed C112 molecules is
similar for the dry as well as for the humid air exposed sample. Also for the formation
of C112 humidity does not seem to have a measurable influence. In contrast to C58,
the C112 peak shows lower intensities after irradiation compared to air exposure.
The cause for this discrepancy is not jet understood. The reason still needs to be
investigated.
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Figure 5.19: (a) Signal intensity of the C58 peak before and after one hour of exposure to
160 ◦C. (b) C58 peak intensity before and after one hour of exposure to 160 ◦C.
After having analyzed the degradation of the C60 films, the question arises if it
is possible to undo certain degradation reactions. Therefore, a sample which was
exposed for three month to a dry and dark environment was thermally annealed
for one hour at 160 ◦C in nitrogen atmosphere. LDI-TOF-MS measurements were
taken before and after the annealing of the sample. Fig. 5.19(a) shows the signal
intensity of the C58 peak before and after the one hour exposure to 160
◦C. No
significant differences were found after heat treatment of the sample concerning the
degradation product C58. Once the C60 cage is broken, heat treatment does not
induce any changes in the cage structure. Looking at Fig. 5.19(b) which shows the
signal intensity of the C58O peak before and after the heat exposure, one finds in
sharp contrast to C58 a lower C58O signal intensity for the heat treated sample. It
can be assumed that the oxygen atoms which are physisorbed to the C58 cage as
proposed by Tsetseris et al. desorb and get released. Tsetseris et al. calculated the
binding energy of the physisorption to 0.5 eV [142].

Chapter
6
Influence of Processing Parameters on the
OLED Lifetime and Performance
6.1 Impurity Gases During Device Production
In this section, the influence of the residual gases present during vacuum deposition
of organic light-emitting diodes on their lifetime and their electrical characteris-
tics will be analyzed. The lifetime of OLEDs is a crucial parameter for the broad
application of this technology and it is of high importance to advance the indus-
trial fabrication of stable OLEDs. In particular the processing conditions, such
as the amount of residual gases during the deposition of the materials might have
considerable influence on the OLED lifetime. Therefore, revealing the degradation
processes and understanding the role of of residual gases in that context is of great
interest [147].
The influence of the chamber pressure during the fabrication of vacuum deposited
OLEDs has been reported in several publications [105–108]. Helander et al. showed
that the background pressure can significantly alter the energy-level alignment at
metal/organic interfaces [106]. Dirr et al. found that samples fabricated at lower
base pressures show increased formation of black spots, reduced quantum efficiencies
and increased turn-on voltages [105]. Though no black spot formation was found for
Alq3 based OLEDs, Ikeda et al. showed a significant increase in operation voltage
and a drop in luminance during electrical operation of OLEDs produced under lower
base pressures [107]. Ikeda et al. suggest that the Alq3 molecules decompose by an
electrochemical reaction with water molecules which were intercalated during the
OLED production. Yamamoto et al. elucidated and analyzed the effect of an initial
drop in device luminance during the first five hours of OLED operation compared
to reference devices produced under higher base pressures [108]. Also in this case,
a correlation of the initial luminance drop and the amount of water molecules was
investigated. Still, a definite correlation is hard to draw due to the fact that in most
cases, multiple types of residual gases are present in the processing chamber during
OLED production.
85
86 6 Influence of Processing Parameters on the OLED Lifetime and Performance
As mentioned, many publications try to correlate the degradation effects found for
different types of OLEDs with certain trace gases [105–108]. Nevertheless, a defini-
tive assignment to specific gases is hard to draw due to the fact that
Figure 6.1: Chemical structures of the used
materials and schematic layer structure of the
red pin-OLED.
if no further manipulations are con-
ducted, small amounts of both water
and oxygen molecules are present as
trace gases in the deposition chamber.
In this work, the influence of nitrogen,
oxygen, and water during the OLED
preparation on the performance and life-
time of a pin-OLED will be investi-
gated [148]. In order to manipulate the
partial pressures of different gases dur-
ing evaporation, nitrogen, oxygen or wa-
ter vapor was added to the process-
ing chamber. This enables us to inten-
tionally contaminate the chamber with
these gases. The produced OLEDs
are based on the stable red triplet
emitter tris(1-phenylisoquinoline) irid-
ium(III) (Ir(piq)3). The chemical degra-
dation processes occurring within the
OLED under electrical operation of the
OLED are investigated by a laser des-
orption/ionization time of flight mass
spectroscopy (LDI-TOF-MS).
The stable red OLED based on the
red triplet emitter Ir(piq)3 [46, 149] is
used as model system in this section.
The pin-OLED stack consists of 90 nm
indium tin oxide (ITO) pre-deposited
on a glass substrate, a hole trans-
port layer (HTL, 75 nm) of 2,2’,7,7’-tetrakis-(N,N-di-methylphenylamino)-9,9’-
spirobifluorene (Spiro-TTB) doped with 4 mol% 2,2’-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile (F6-TCNNQ), an electron blocking layer (EBL, 10 nm)
of N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine (α-NPD), an emission layer
(EML, 20 nm) composed of N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine (α-
NPD) doped with 20 wt% Ir(piq)3, a hole blocking layer (HBL, 10 nm) of
aluminum(III)bis(2-methyl-8-quninolinato)-4-phenylphenolate BAlq2, an electron
transport layer (ETL, 45 nm) of 4,7-diphenyl-1,10-phenanthroline (BPhen) doped
with cesium (Cs), and a 100 nm aluminum (Al) top electrode.
The schematic layer structure of the pin-OLED and the chemical structures of
the used materials are shown in Fig. 6.1. The devices are prepared by vacuum
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evaporation at a base pressure between 1·10−7 mbar and 5·10−8 mbar in a thermal
evaporation tool from Kurt J. Lesker Co. The device preparation and the principles
of vacuum evaporation are elucidated in detail in section 3.2. In order to investigate
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Figure 6.2: (a) Ion current of nitrogen during
organic evaporation of Device 1 and 2 (b) Ion
current of oxygen during organic evaporation
of Device 1 and 3 (c) Ion current of water
during organic evaporation of Device 1 and
4.
the influence of the residual gases, a
needle valve was attached to the evap-
oration chamber, with which different
impurity gases could be inserted and a
defined chamber pressure could be set.
To intentionally contaminate the cham-
ber with water vapor, nitrogen was fed
through a gas-washing bottle which was
connected to the needle valve. Due to
the fact that the effective cross section of
the pumping system is higher for nitro-
gen than for water, water molecules can
accumulate in the evaporation cham-
ber. Oxygen and nitrogen impurities
were produced by connecting the needle
valve to the corresponding gas contain-
ers. Immediately after preparation the
devices are encapsulated under nitrogen
atmosphere using two-component epoxy
glue and cavity glass lids with an imple-
mented hydrophilic ”getter” material.
The exposure of the vacuum chamber
to the different impurity gases was lim-
ited to the time during which the or-
ganic layers were deposited. The alu-
minum cathode, by contrast, was evap-
orated for all devices at the same pres-
sure of 5·10−7 mbar and under the same
gas conditions of nitrogen domineering
atmosphere. This was done in order to
exclude the known degradation effects
induced by oxides at the organic metal
interface [150]. Four OLEDs with identi-
cal layer sequences were produced under
different vacuum conditions. Device 1 is
the reference device produced under the
best possible vacuum conditions. The
mean pressure during evaporation was
5·10−8 mbar. Device 2 was exposed to
nitrogen while keeping the chamber pressure at a constant value of 1·10−7 mbar.
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Device 3 was exposed to oxygen and Device 4 to water vapor using the same cham-
ber pressure.
In order to ensure that the injected gas had been the dominating residual gas in the
chamber, the ion currents of the m/z ratio signals related to H2O (m/z = 18 amu),
N2 and/or CO (m/z = 28 amu), O2 (m/z = 32 amu), AlO (m/z = 43.3 amu), CO2
and/or AlO (m/z = 44 amu), and Al2O (m/z = 70.4 amu) were monitored with the
help of a quadrupole mass spectrometer (QMG220F3 PrismaPlusTM).
In Fig. 6.2 the ion current values of the intended contamination gas for each sample
are shown during device preparation in comparison to the reference Device 1. During
the deposition of the organic layers of Device 3, the ion current values corresponding
to oxygen show a significantly higher value than the corresponding ion current values
for the reference Device 1 (9·10−14 A vs. 9·10−14 A) see Fig. 6.2(b). The same holds
for Device 2 concerning the nitrogen ion current values as seen in Fig. 6.2(a). As
planned, the intentionally supplied gas is the dominating background gas for all
the devices. For Device 3 (oxygen contamination) one can clearly see the drop in
oxygen partial pressure shortly after the closure of the needle valve, a clear indicator
that the present oxygen is induced by the needle valve. Concerning the starting
point of the evaporation, the evaporation of the first layer begins after a constant
intended impurity gas level has been reached. Device 4 only shows a slightly higher
water abundance compared to the reference as shown in Fig. 6.2(c). Still, the water
abundance is measurable and its influences will be discussed in the results section.
During the aluminum deposition, the formation of aluminum oxides are detected.
This effect is not depicted in the graphs.
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Figure 6.3: (a) Current-voltage-luminance characteristics of the four devices. (b) External
quantum efficiency of the four devices.
After sample preparation current-voltage-luminance characteristics of the devices
were measured with the Keithley 2400 source measure unit and the CAS 140CT-153
calibrated array-spectrometer, as described in section 4.2. A Lambertian emission
was assumed in order to calculate the EQE. After the characterization, the devices
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were aged under a constant current. The device aging and the luminance monitoring
of the OLEDs were conducted by the OLED lifetime measurement setup which was
described in section 4.1. In addition to the four OLEDs under investigation, reference
OLED were produced which had not been aged in order to enable comparability
of aged and unaged samples. The samples were analyzed by the LDI-TOF-MS
technique.
Fig. 6.3(a) shows the current-voltage-luminance characteristics of the four de-
vices. One can see that all devices except Device 4 exhibit the same current-voltage-
luminance characteristics. Device 4 shows a lower current and lower luminance at
the same voltage compared to the other devices. This might be a result of the water
vapor to which Device 4 was exposed.
The external quantum efficiency of the four devices is shown in Fig. 6.3(b). All
four devices show similar quantum efficiencies. The differences are within the range
of error of the run to run variations. The additional series resistance of Device 4 has
no impact on the external quantum efficiency.
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Figure 6.4: Luminance decay of the four devices during electrical stress. The devices were
aged at a current density of 60 mA
cm2
.
After electrical characterization the lifetime of the OLEDs were investigated. The
devices are aged at a current density of 60 mA
cm2
which corresponds to an initial lu-
minance of approximately 4100 cd/m2. Fig. 6.4 shows the degradation of all four
devices. One finds clear differences between the devices. Device 1 which has not
been exposed to any gas shows with 1,037 hours a significant longer half-life time
compared to the gas exposed devices. Device 2 and Device 3 show similar degrada-
tion behavior. The half-life time of Device 2 is 141.2 hours and the half-life time of
Device 3 is 140.5 hours. Due to the fact that nitrogen is non-reactive, this points
to the assumption that the influence of nitrogen and oxygen on the OLED lifetime
could be of non-chemical nature. Looking at the lifetime of Device 4 one sees a dis-
tinct drop in luminance at the beginning of the aging process compared to Device 2
and Device 3. Water exposure induces an additional initial degradation effect. The
amount of water molecules intercalated into the organic layers is limited. This could
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explain the effect that the additional degradation is only limited to the first 20 hours
of electrical stress. Such an initial decay was also found by Yamamoto et al. for
OLEDs using the blue emitter fac-tris[3-(2,6-dimethylphenyl)-7-methylimidazol[1,2-
f] phenanthridine] iridium(III) [108].
The devices were aged under a constant current density until the luminance de-
creased to approximately 5 % of the initial value. All devices were aged for the
same time span such that the total amount of charges which passed through the
devices is identical and therefore comparability is given. In addition to the four
OLEDs which are investigated, a reference OLED was produced for each OLED at
the same time and on the same substrate. These aged and unaged OLEDs were
analyzed using the Bruker Daltonics Biflex IV, a laser desorption/ionization time
of flight mass spectrometer in positive detection mode. The sample preparation as
well as the LDI-TOF-MS setup and the measurement process are further elucidated
in section 4.4. An acceleration voltage of 19 kV is applied between the sample and
the aperture of the TOF analyzer. A laser intensity of approximately 120 µJ/pulse
was used such that there is sufficient signal but minimal fracturing of the molecules
due to photo-excitation. For the measurement 60 pulses were applied to one sample
spot and summed up to a single mass spectrum. Different laser spot positions for
the same sample were compared to ensure reproducibility.
Figure 6.5: Two step degradation reaction. Dissociation of the Ir(piq)3 molecule in the
excited state (a), followed by a complexation reaction of the [Ir(piq)2]
+ ion with the matrix
material α-NPD (b).
The mass spectra of aged and unaged devices from the same production cycle will
be compared. Thereby one can distinguish between m/z signals related to photo-
induced degradation products induced by the laser during the measurement and
the degradation products induced by electrical stress. In Fig. 6.6 the mass spectra
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Figure 6.6: Mass spectra of Device 1 and Device 2 recorded between 0 and 1, 350 amu.
recorded between 0 and 1, 350 amu of Device 1 and Device 2 are shown. Device 3
and Device 4 exhibit the same degradation products. The corresponding graphs of
Device 3 and Device 4 are plotted in Fig. 6.7. The mass spectra of the non-aged
devices is shown in black color and is labeled for Device 1 with I(a) and for Device 2
with II(a). The mass spectra of the aged devices are shown in red and are labeled
I(b) and II(b). The labeling of Device 3 and 4 with the roman numerals III and
VI in Fig. 6.7 is arranged accordingly. The signal intensity was normalized to the
dominant [α-NPD]+ peak at 589.0 amu.
All spectra show the signals of the materials [Cs]+ at 133.0 amu, [BPhen + H]+
at 333.0 amu, [α-NPD]+ at 589.0 amu, [Ir(piq)3]
+ at 806.5 amu, and [Spiro-TTB]+
at 1, 098.6 amu. These materials were used in the OLED stack. No signal could
be found at 362.0 amu and 512.1 amu corresponding to F6TCNNQ and α-NPD,
respectively. The reason is that the measurements had been conducted in positive
mode therefore only positively charged ions are detected. F6TCNNQ as p-dopant
has a higher likelihood to be negatively charged.
The degradation products are usually present in very small amounts, leading to
a very low signal intensity of the degradation products in the mass spectrum. If
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Figure 6.7: Mass spectra of Device 3 and Device 4 recorded between 0 and 1350 amu.
the m/z signal is observed in the spectra of the electrical stressed but not in the
non-aged device, photo-induced degradation can be excluded, since these products
are expected to be seen in both devices. Using this method some m/z signals were
found which are related to degradation products.
The graphs of Fig. 6.6 which are located in the second, third, and fourth column
show the m/z signals of the observed degradation products at 663.4 amu, 795.5 amu,
and 1, 188.9 amu corresponding to Device 1 or Device 2, respectively. The m/z ratio
signals observed at 663.4 amu and 795.5 amu are attributed to [2BPhen-2H+H] +
and [2BPhen-2H+Cs]+. The formation of BPhen dimers due to electrical driving of
the OLEDs was observed in previous works as well [127, 151, 152]. BPhen deriva-
tives with bulky substituents in the α-position to the nitrogen atoms are potential
candidates which should not show dimerization. These materials have been investi-
gated by Auschill et al. using high-performance liquid chromatography [153]. It was
found that the BPhen dimerization reaction is attributed to high current densities
during electrical stress of phosphorescent OLEDs when BPhen was used as HBL as
well as ETL with a different HBL. Quenching centers for excitons and trap states
for charges might be occurring by the chemically stable dimers at the interface of
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the HBL/ETL layer due to their potentially smaller HOMO-LUMO gaps [154].
The mass peak at 1188.9 amu can be explained by a complex formation of the
emitter with the matrix material α-NPD. During OLED operation the Ir(piq)3
emitter is exited. The emitter thereby dissociates reversibly by the scission of one
1-phenylisoquinoline ligand and the complementary [Ir(piq)2]
+ ion. In a second step,
the [Ir(piq)2]
+ ion forms a complex with the matrix material α-NPD which results
in a positively charged [Ir(piq)2+α-NPD]
+ molecule. The complexation reaction is
shown in Fig. 6.5. Such iridium-complexes are potential candidates for trap states
of charge carriers and/or excitons. To the knowledge of the author this specific
degradation reaction has not been mentioned in the literature elsewhere.
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6.2 Quality of Material Purification
6.2.1 Investigation of the α-NPD Purity
In the course of this work six α-NPD samples with different purification qualities
were investigated. For the purification of the α-NPD two sublimation systems were
used. One sublimation system is the tube-based vacuum sublimation systems which
is commonly used in standard R&D environment for small amounts of material. It
can be used in a glove box environment for inert operation and is capable of purifying
5 − 20 g of organic material. The second purification system is a commercially
available vacuum sublimation system from the company CreaPhys GmbH which is
designed for industrial use and has a high material throughput. Up to 2 kg of organic
material can be purified per run with the QUANTIpurer system [155]. Instead of a
glass tube a number of stainless steel body parts which are vertically interlaced are
used. The interlaced steel body parts form a vertically oriented sublimation column.
The vertical orientation minimizes floor space requirements and suppresses trailing
ashes.
In order to enhance readability of this section the following abbreviations were
used for the six α-NPD samples:
Sample A - 3x sublimated in a tube-based vacuum sublimation system
Sample B - 1x sublimated in a QUANTIpure®System
Sample C - 2x sublimated in a QUANTIpure®System
Sample D - 1x sublimated in a tube-based vacuum sublimation system
Sample E - 2x sublimated in a tube-based vacuum sublimation system
Sample F - non-sublimated sample
The six differently purified α-NPD samples were produced with the Lesker evapo-
ration tool. As substrate borofloat glass coated with ITO by the manufacturer Thin
Film Devices Inc was used. A layer of 50 nm of α-NPD was evaporated for each
sample. More details on the evaporation process can be found in section 3.2. The
samples were analyzed by the laser desorption/ionization time of flight mass spec-
trometer Bruker Daltonics Biflex IV. The ITO layer serves the purpose of electrically
contacting the α-NPD layer. As elaborated in section 4.4 parts of the α-NPD layer
get ionized by a nitrogen laser and get accelerated towards the mass spectrometer
due to an applied voltage. In Fig. 6.8 the mass spectrum of Sample A is shown.
Beside the α-NPD peak at 588.9 amu which is used as reference peak, several other
peaks at 461.9 amu, 511.6 amu, 665.8 amu, as well as 715.8 amu are found.
The 461.9 amu peak originates from the α-NPD molecule with a missing naph-
thalene group. The corresponding structural formula is depicted in Fig. 6.8. The
511.6 amu peak can be explained by an α-NPD molecule with a missing phenyl
group. The peak at 665.8 amu and 715.8 amu can be assigned to chemical reaction
products of α-NPD with a phenyl group or a naphthalene group, respectively.
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Figure 6.8: The LDI-TOF-MS spectrum between 0 and 1000 amu of Sample A is shown.
The α-NPD peak at 588.9 amu can be seen. In addition degradation peaks at 461.9 amu,
511.6 amu, 665.8 amu, as well as 715.8 amu are shown with the corresponding structural
formula of the degraded α-NPD.
In Fig. 6.9(a) and Fig. 6.9(b), a detailed plot of the intensities of the 461.9 amu
and the 511.6 amu peaks for all six samples are shown. In both graphs one finds
deviations in the peak intensities among the six samples. These differences do not
correlate with the assumed material qualities resulting from the different cleaning
process applied to the α-NPD. In addition if one compares the two graphs the or-
der of the peak intensities concerning the different sample types of Fig. 6.9(a) does
not match with Fig. 6.9(b). This hints to the fact that there are other domineer-
ing factors which have an impact on the LDI-TOF-MS peak intensities of α-NPD
impurities. One possible explanation is the assumption that the impurities might
originate from the evaporation process. In order to evaporate α-NPD, the material
needs to be heated up in a crucible as described in section 3.2. The heating of the
material might lead to degradation processes. On the other hand on has to consider
that only moderate temperatures of 190 ◦C are needed for the α-NPD evaporation.
Another possible explanation might be photochemical reactions of the α-NPD
by the UV light irradiation of the laser pulse which is applied in the desorption
process during the LDI-TOF-MS measurement. Scholz et al. showed that BPhen,
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and Alq3 undergo such photo-
induced chemical reactions during the LDI-TOF-MS measurement [127]. The dimer-
ization of Bphen as well as the cleavage of the ligand bond of the Alq3 molecule and
the thereby resulting fragmentation is explained in detail in their publication. The
fact that also dimerization reactions can occur due to laser irradiation can also
explain the abundance of the impurities with higher mass peaks than the α-NPD
molecule.
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(a) (b)
Figure 6.9: (a) Detailed plot of the 416.9 amu mass peak and its isotope pattern. The peak
originates from an α-NPD molecule with a missing naphthalene group. (b) Detailed plot
of the 511.9 amu mass peak which can be explained by an α-NPD molecule with a missing
phenyl group.
6.2.2 Investigation of Processed OLEDs
In addition to samples with a single α-NPD layer also full OLEDs of all six differently
purified α-NPD material batches were produced by the Lesker evaporation tool. A
well known standard p-i-n layer stack was used for the OLEDs based on an or-
ange emitting phosphorescent emitter iridium(III)bis(2-methyldibenzo-[f,h]chinoxa-
lin)(acetylacetonat) (Ir(MDQ)2(acac)). The OLED stack consists of 90 nm indium
tin oxide (ITO) pre-deposited on a glass substrate, a hole transport layer (HTL,
75 nm) of 2,2’,7,7’-tetrakis-(N,N-di-methylphenylamino)-9,9’-spirobifluorene (Spiro-
TTB) doped with 4 mol % 2,2’-(perfluoronaphthalene-2,6- diylidene)dimalononitrile
(F6-TCNNQ), an electron blocking layer (EBL, 10 nm) of N,N’-di(naphthalen-1-
yl)-N,N’-diphenyl-benzidine (α-NPD), an emission layer (EML, 20 nm) composed
of N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine (α-NPD) doped with 10 wt%
Ir(MDQ)2(acac), a hole blocking layer (HBL, 10 nm) of aluminum(III)bis(2-methyl-
8-quninolinato)-4-phenylphenolate (BAlq2), an electron transport layer (ETL, 45 nm)
of 4,7-diphenyl-1,10-phenanthroline (BPhen) doped with cesium (Cs), and a 100 nm
aluminum (Al) top electrode. For each OLED one of the six differently purified
α-NPD material batches were used for the electron blocking abd the emission layer.
In the following paragraph, the current-voltage-luminance characteristics as well
as the external quantum efficiencies of the OLEDs will be investigated. The lumi-
nance and current dependence on the driving voltage of the six OLEDs is plotted
in Fig. 6.10(a) and Fig. 6.10(b). Fig. 6.10(a) shows that OLED B and OLED F have
a lower leakage current when a voltage is applied in reverse direction. In addition
OLED A and OLED D show higher currents for a given voltage, which is shown in
detail in Fig. 6.10(b). This fact indicates that OLED A and OLED D have a lower
resistance compared to the other OLEDs.
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(a) (b)
Figure 6.10: (a) Plot of the current-voltage characteristic of the six OLEDs. (b) Detailed
plot of the current-voltage dependence between 2.25 and 4.5 V.
The luminance-voltage plot of the six OLEDs is depicted in Fig. 6.11(a) and
Fig. 6.11(b). OLED A and OLED D show higher luminance intensities for a given
voltage compared to the rest of the OLEDs. This effect can be explained by the fact
that these OLEDs show higher currents and hence have a higher power throughput
for the same voltage compared to the other OLEDs.
(a) (b)
Figure 6.11: (a) Plot of the luminance-voltage characteristic of the six OLEDs. (b) Detailed
plot of the luminance-voltage dependence between 2.4 and 4.5 V.
The external quantum efficiency of the investigated OLEDs is depicted in Fig. 6.12.
OLED A and OLED D show lower external quantum efficiencies for a given lumi-
nance compared to the rest of the OLEDs. In addition OLED B and OLED C,
which contains one and two times sublimated α-NPD in a QUANTIpure®System
respectively, has a slightly better external quantum efficiency.
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Figure 6.12: The external quantum efficiency of the investigated OLEDs plotted over the
luminance.
6.2.3 Lifetime Measurements
The luminance decay under a constant current over time is plotted in Fig. 6.13(a)
and Fig. 6.13(b). OLED A and OLED D show a longer half-life time while OLED
E and OLED F show a shorter half-life time compared to the other OLEDs. If the
half-life time of the OLEDs is compared to the material purification quality of the
used α-NPD material, the picture is not fully congruent. OLED A which contains α-
NPD, which was sublimated three times in a tube-based vacuum sublimation system,
shows the longest lifetime, OLED F which contains unpurified α-NPD shows the
shortest lifetime. This is in congruence with the expectations. On the other hand,
(a) (b)
Figure 6.13: (a) Plot of the relative luminance decay over time. The aging was conducted
under a constant current of 50 mA
cm2
. (b) Plot of the relative luminance decay with a driving
current of 30 mA
cm2
.
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OLED E shows a poorer performance concerning the lifetime compared to OLED D
even though OLED E contains α-NPD, which was sublimated twice in a tube-based
vacuum sublimation system compared to OLED D which was only sublimated once
in a tube-based vacuum sublimation system. This incongruence indicates that the
purity of the α-NPD is not the only factor impacting the OLED lifetime. Other
parameters such as the abundance of impurity gases during device production are
discussed in section 6.1.

Part IV
Conclusion

Chapter
7
Summary and Outlook
This work presents fundamental investigations to understand and circumvent OLED
degradation. In the first part of this work, specific organic materials which are
frequently used in organic electronics are aged by exposure to air or UV light and
were analyzed by infrared spectroscopy as well as mass spectrometry. The second
part of this work investigates the influence of the material quality and the production
processes on the OLED lifetime.
Until now, infrared spectroscopy has only been used in rare cases as analytical
method to analyze the degradation mechanisms of organic electronic devices [104].
By tailoring an ATR-IR spectrometer to the specific needs, it was possible to in-
vestigate degradation processes in several organic materials. Alq3 a well known
fluorescent green emitter which is also used as electron transport layer was inves-
tigated. The infrared measurements reveal that air exposure of Alq3 leads to the
formation of carbonyl groups and thus to the degradation of the Alq3 molecule.
The Alq3 degradation has been simulated by several groups and the formation of
carbonyl groups has been discussed by Rosselli et al. [119]. The progress of the
degradation with time could be monitored and it was shown that the degradation
can be speeded up by UV radiation of the Alq3.
In addition, materials used in organic solar cells were investigated. By using a
LDI-TOF mass spectrometer the degradation of DCV6T-Bu4, a well known small-
molecule material which is used as part of the active layer in organic solar cells,
was investigated. It was shown that DCV6T-Bu4 reacts with oxygen during UV
irradiation.
Even though organic electronic devices are commonly encapsulated in a nitrogen
atmosphere, water and oxygen can still permeate through the barrier to a certain
extent. This especially holds true for flexible devices. The irradiation with sunlight
in the everyday usage of the organic devices builds an additional influence factor.
It is of high importance to know which component has which impact on the device
degradation, so that proper countermeasures can be applied. By using climate boxes
and a sun simulator it was possible to examine the influence of oxygen, water and
sunlight separately. C60, a widely-used acceptor molecule in organic solar cells, was
investigated by exposing it to dry and humid air as well as sunlight. The breaking of
103
104 7 Summary and Outlook
the C60 cage to C58 and C56 and the further reaction of these components with oxygen
were found. Subsequent annealing leads to a decrease of the C58O concentration.
In addition, the dimerization of C58 and C56 molecules was found. One finds that
the degradation products such as C58O increases with air exposure time but they
are independent of the humidity level of the ambient air. The exposure to sunlight
introduces no additional effects.
In this work, the highly efficient di-metal complex W2(hpp)4 doped into the C60
fullerene was investigated. It was found that W2(hpp)4 as pure powder shows a
fast degradation when exposed to air, while the W2(hpp)4:C60 blend shows a self-
passivation effect. In addition, the vacuum annealing of the W2(hpp)4:C60 blend
after air exposure leads to a nearly full restoration of its conductivity. The under-
standing of this passivation effect is of high interest.
Therefore, the air stability of the W2(hpp)4 molecule was investigated by the LDI-
TOF-MS technique. It was found that the air exposure leads to oxidation reactions
of the W2(hpp)4 molecule to [W(hpp)2+ O] and other molecules. The decay constant
of W2(hpp)4 and the matching mean growth time of the [W(hpp)2 + O] degradation
could be determined.
Besides the before mentioned degradation constant, a second very quick degrada-
tion of the dopant was discovered. The two decay constants can be explained by the
assumption that W2(hpp)4 molecules, which are involved in the charge transfer, do
degrade slower due to the fact that the charge transfer leads to a downshift of the
energy levels of the W2(hpp)4 molecule.
Apart from the properties of the organic materials, other effects such as material
purity and processing conditions play a key role for the lifetime of the organic devices.
Therefore, the impact of different purification systems such as tube-based vacuum
sublimation systems, on the material purity as well as the dependence of material
purity on the OLED lifetime has been investigated. Several batches of α-NPD, a
well known hole transport and matrix material, were purified to different extends
by a tube-based as well as commercial vacuum sublimation system. No correlations
between the purification grade and the amount of impurities were found by the
LDI-TOF-MS technique.
In addition, full OLEDs of the differently purified α-NPD material batches were
produced and analyzed concerning their IVL characteristics and lifetime. It was
found that OLEDs which contain α-NPD purified in a vertically interlaced stainless
steel sublimation systems shows slightly higher external quantum efficiencies com-
pared to tube-based vacuum sublimation systems. The investigation of the OLED
lifetime showed that devices which contain α-NPD purified by a stainless steel or a
tube-based sublimation system have an extended lifetime.
As last influence factor on the OLED lifetime the impact of residual gases during
device fabrication was investigated. In order to gain a more in-depth understanding,
the influence of residual oxygen, nitrogen, and water vapor on the lifetime and
the electrical characteristics was investigated. This is achieved by introducing the
residual gases into the evaporation chamber through a needle valve while monitoring
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the partial pressures with the help of a mass spectrometer. It was found that water
vapor introduces an additional series resistance to the OLED while the other gases
do not influence the electric characteristics. The presence of nitrogen or oxygen
impacts the lifetime of the OLEDs by the same amount. Water vapor introduces an
additional, even faster degradation process within the first hours of OLED operation.
Due to the fact that nitrogen is non-reactive, this leads to the assumption that the
influence of nitrogen and oxygen on the OLED lifetime is of non-chemical nature,
such as changes in the morphology of the organic layers. The electrically stressed
OLEDs are analyzed by laser desorption/ionization time-of-flight mass spectroscopy.
The dimerization of BPhen as well as the complexation reaction of α-NPD with a
Ir(piq)2 fragment were identified as major sources of device degradation.
A further step to advance the analysis of the degradation of organic electronic
devices can be gained by combining several analytical methods. Auschill et al.
used high-performance liquid chromatography to enable the investigation of degra-
dation processes of a range of ETL and HBL materials [153]. The output of a high-
performance liquid chromatograph could be combined with a FTIR spectrometer
or a mass spectrometer to analyze aging processes. The FTIR measurement setup
presented in this work can provide infrared spectra in a non-destructive way. There-
fore, it might be possible to measure infrared spectra of an organic device during
the aging process. In the last years a new promising material class emerged which
uses the thermally activated delayed fluorescence (TADF) process which builds a
cheap alternative to high-performance phosphorescent OLEDs with noble metal-
based dopants [156, 157]. Several publication show advances in TADF OLED life-
time stability [158]. Investigations of the degradation processes with ATR-IR spec-
troscopy as well as LDI-TOF mass spectrometry would be of high interest.
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Appendix
A
Appendix
A.1 Abbreviations
AFM atomic force microscopy
APCI-MS atmospheric pressure chemical ionization mass spectrometry
ATR attenuated total reflectance
B3LYP Becke, 3-parameter, Lee-Yang-Parr
CIE Commission Internationale de l’Eclairage
DFT density functional theory
DOS density of states
EBL electron-blocking layer
EL electroluminescence
EML emission layer
EQE external quantum efficiency
ESI electrospray ionization
ETL electron-transport layer
FTIR Fourier transform infrared spectroscopy
HBL hole-blocking layer
HJ heterojunction
HOMO highest occupied molecular orbital
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HPLC high-performance liquid chromatography
HTL hole-transport layer
IR infrared
IVL current-voltage-luminance
LCAO linear combination of atomic orbitals
LDI laser desorption/ionization
LE luminous efficacy
LED light-emitting diode
LUMO lowest unoccupied molecular orbital
MALDI-TOF-MS matrix-assisted laser desorption/ionization time-of-flight mass
spectrometer
OFET organic field effect transistor
OLED organic light-emitting diode
OSC organic solar cell
PCE power conversion efficiency
QCM quartz crystal monitor
RGB red-green-blue
SED stretched exponential decay
SIMS secondary ion mass spectrometry
SMU source-measurement unit
TADF thermally activated delayed fluorescence
TIR total internal reflection
TOF time-of-flight
UHV ultra-high vacuum
UV ultraviolet
XRD X-ray diffraction
XRR X-ray reflectometry
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A.2 Materials/Chemicals
3-CCBP 3-carbazolyl-(4-(N-carbazolyl)),4’-(N-carbazolyl)biphenyl
α-NPD N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine
Al aluminum
Au gold
Alq3 tris-(8-hydroxyquinoline)aluminum
BAlq2 aluminum(III)bis(2-methyl-8-quninolinato)-4-phenylphenolate
BCP 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
BPC 4-(N-carbazolyl)biphenyl
BPhen 4,7-diphenyl-1,10-phenanthroline
CBP 4,4’-bis(N-carbazolyl)biphenyl
Cr chromium
Cs cesium
DCV6T-Bu4 a,w-bis-(dicyanovinylen)-sexithiophen
DTGS deuterated triglycine sulfate
F4-ZnPc tetrafluoro-zinc-phthalocyanine
F6-TCNNQ 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
Ir(MDQ)2(acac) iridium(III)bis(2-methyldibenzo-[f,h]chinoxa-
lin)(acetylacetonat)
Ir(piq)3 tris(1-phenylisoquinoline)iridium(III)
Ir(ppy)3 tris(2-phenylpyridine)iridium(III)
ITO indium tin oxide
MeO-TPD N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine
MCT mercury cadmium telluride
Ni nickel
NMP N-methyl-2-pyrrolidone
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PCBM [6,6]-phenyl-C61-butyric acid methyl ester
[Ru(bpy)3]Cl2 tris(2,2-bipyridyl)dichlororuthenium(II)hexahydrate
Spiro-TTB 2,2’,7,7’-tetrakis-(N,N-di-methylphenylamino)-9,9’-
spirobifluoren
TCNQ 7,7,8,8-tetracyanoquinodimethane
TPD N,N-bis(3-methylphenyl)-N,N-diphenylbenzidine
TTF 2,2’-bis-l,3-dithiole
W2(hpp)4 tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidinato)ditungsten(II)
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